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ABSTRACT 
Knowledge of the spatial distribution, concentration and sources of atmospheric CO2 is 
a key factor for understanding of the carbon natural cycle, predicting evolution and the 
impact of carbon dioxide on climate changes. This work deals with optical remote 
sensing using LIDAR (Light Detection and Ranging). It contains necessary theoretical 
background of LIDAR system, the use and principles. LIDAR is used in many 
applications. The application, realization and measurement of concentration CO2 in the 
atmosphere with DIAL (Differential Absorption LIDAR) are outlined and also the use 
of other active and passive sensing techniques of CO2.  
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ABSTRAKT 
Znalost o prostorovém rozložení, koncentraci a zdrojích CO2 v atmosféře je klíčová 
k pochopení přírodního cyklu oxidu uhličitého, k  předpovědi vývoje a vlivu CO2 na 
klimatické změny. Tato práce se zabývá problematikou optického dálkového snímání za 
použití LIDAR (Light Detection and Ranging) systému. Obsahuje potřebné teoretické 
znalosti o LIDAR systému, použití a principy. Z mnoha aplikací využívající LIDAR je 
v této práci nastíněno provedení a měření pomocí DIAL (Differential Absorption 
LIDAR) systému určeného k určení koncentrace CO2 v atmosféře, tak i využití dalších 
aktivních či pasivních způsobů snímání CO2. 
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1 INTRODUCTION  
 
Earth's climate is changing rapidly and thus the study of the greenhouse gases 
behavior and the accurate measurement of their concentration is highly desirable. 
Knowledge of the spatial and temporal distribution of atmospheric carbon dioxide, 
which has been recognized as one of the most important greenhouse gases, is very 
important to understand its impact on climate changes and global warming. 
 
Soon after a ruby laser was invited in 1960, a pulsed ruby was applied to LIDAR, 
what is an acronym for LIght Detection And Ranging. The big milestone was made in 
optical remote sensing and in physics generally. In these days, LIDAR has become very 
useful tool that is used in many applications, e.g. geography, atmospheric studies, 
industrial pollution studies, etc. There are also many LIDAR techniques which depend 
on the desired measurement. LIDAR system use various light-matter interactions such 
as Rayleigh, Mie and Raman scattering or fluorescence. The basic division of LIDAR 
system could be based on the interest into two groups: Ranging/profiling LIDAR - main 
concern is time delay between transmission and reception; Scattering LIDAR - besides 
time delay, more interested in signal strength, spectra, etc. LIDAR has special 
capabilities for active remote sensing of many different behaviors of the atmosphere. 
The detecting capability, including maximum operation range and minimum detectable 
gas concentration is one of the most significant parameter for LIDAR remote sensing of 
pollutants, as a carbon dioxide. In this work the measurement of CO2 concentration is 
approached. In order to measure the carbon dioxide distribution or concentration, the 
Differential Absorption LIDAR (DIAL) is used. The absorption method is one of the 
most sensitive techniques for measuring of atmospheric CO2. 
1.1 Scope of the study 
 
The main goal of this thesis is to cover following subjects: 
 
- To study the atmospheric environment. 
- To analyze the interaction that can occur in the atmosphere. 
- To study background of LIDAR sensing. 
- To analyze each LIDAR system: specifications and features, principle and 
theory of operation. 
- To summarize the application of LIDAR. 
- To focus on measurement of CO2 in the atmosphere by DIAL. 
- To add other possible ways how to measure CO2. 
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1.2 Organization of the paper 
 
This paper consists of several chapters. A brief overview of the chapters is 
presented here: 
 
• Chapter 2 – Background 
This chapter discusses the parameters of the atmosphere and their influence on 
the propagation laser beam. First of all, the composition of the atmosphere, the 
description of aerosols and CO2 as a dominant greenhouse gas are outlined. 
Thereafter, the attention is paid to the transmission windows in the atmosphere 
and the interactions between the atmosphere and light radiation, which is the 
basic idea for optical remote sensing. 
 
• Chapter 3 – Light Scattering 
This chapter deeper examines and mathematical describes the light scattering 
phenomenon that can occur in the atmosphere. 
 
• Chapter 4 – LIDAR 
This chapter is focused on the basic knowledge and descriptions of LIDAR. 
Firstly, the LIDAR setup, using lasers, detectors and configuration is 
mentioned. Next section is devoted to the LIDAR basic equation with 
discussion about individual parts of the LIDAR equation. This part contains 
also five basic LIDAR techniques (ensue from interaction of light radiation 
with the atmosphere), which are used to remote sensing, their principle and the 
spectrum of usability. Finally, last section includes and describes platforms that 
are used for LIDAR. 
 
• Chapter 5 – Current application 
  The chapter 4 covers the division and use of individual LIDAR system 
according to the process that occur in the atmosphere. In the main part, there is 
overview of many applications for LIDAR based on the environment where it 
is used. 
 
• Chapter 6 – LIDAR system for the detection of CO2 
Last chapter is devoted to LIDAR measurement of the CO2 concentration in the 
atmosphere. The large part of this chapter is dedicated to DIAL CO2 
measurement and it includes its principle, a setting, a choice of absorption line, 
a description of transmitter and receiver scheme, limitations of DIAL and 
brings an outline of a realized measurement of CO2 concentration by research 
groups in last decade. Thereafter, the measurement of CO2 concentration by 
Raman LIDAR is mentioned and other possibilities to CO2 measurement are 
described as a using of passive remote sensing or using infrared, electro-
mechanical and electro-acoustic methods. 
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2 BACKGROUND 
 
The sections of this chapter are concerned with parameters of the atmosphere and 
their influence on a propagation laser beam. The section 2.1 deals with the composition 
of the atmosphere with a deeper view of the aerosols and CO2 that is main element of 
this paper and also a threat of global warming generally. The section 2.2 deals with the 
transmittance, absorbance and atmospheric transmission windows in the atmosphere. 
The last section of this chapter describes the interaction between laser radiation and the 
atmospheric environment which can occur.   
2.1 Atmosphere of Earth 
The atmosphere of Earth is a layer of gases surrounding our planet. The 
atmosphere is divided into several distinct layers (see Fig 1.), each with specific 
characteristics like a temperature, pressure and air density. We will be only considered 
in the troposphere, because all weather phenomena occur inside the troposphere (from 
ground to 9-17 km, it depends on location and season). Troposphere contains 
approximately 75 % of the atmosphere's mass and 99 % of its aerosols and water. 
 
 
Fig. 1: Atmosphere [1] 
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The temperature T usually decays with height z [2], 
 
𝑑𝑇
𝑑𝑧
< 0 
(2.1) 
whereas pressure can vary 1 atm (1013,25mb) to a few tens of milibars at the top 
boundary. 
 
The atmosphere is formed by gases and particles. Gases can be divided into two 
basic types depending on if their concentration is variable or permanent. Permanent 
gases include nitrogen (N2), oxygen (O2), argon (Ar) (see Tab.1), these gases represent 
the 99,03 % of the total volume and have constant volumetric proportions even though 
air density dwindles with height. The variable gases include ozone (O3), water-vapor 
(H2O), carbon dioxide (CO2), carbon-monoxid (CO), nitric acid (HNO3), ammonium 
(NH3), sulphide-dioxide (SO2), hydrogen-sulphide (H2S), nitrogen-dioxid (NO2) and 
nitrogen-oxide (NO). Their character has reactive and sometimes toxic effects. Volume 
proportions are not constant with height, which stands out as an important distinctive 
feature.  
 
% ppm
Nitrogen N 2 78,084 780840
Oxygen O 2 20,946 209460
Argon Ar 0,934 9340
Carbon dioxide CO 2 0,039 390
Neon Ne 18,18.10-4 18,18
Helium He 5,24.10-4 5,24
Methan CH 4 1,6.10
-4 1,79
Krypton Kr 1,4.10-4 1,14
Hydrogen H 2 0,55.10
-4 0,55
Volume 
Gas
*ppm - parts per milion  
Tab. 1: Concentration gases [2] 
 
For the particulates, together with their chemical composition, their radii are also 
very important, typically from 0,01 μm to 10 μm (see Tab. 2). Tab. 2 shows several 
examples of typical concentrations of particles. They include both aerosol and hydro-
meteors. The group of constituents or haze have radius under 1 μm and they are formed 
by smoke and dust in suspension. The latter transform water in solid state or liquid 
(snow, rain, hail, etc.)  
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from to from to
Water droplets 102 104 10-5 10-2
Clouds 1 10 10 300
Fogs 1 10 10 100
Aerosols 102 1 10 103
Air molecules
Radius ( µ m) Concetration (cm -3 )
10-4 1019
Particle type
 
Tab. 2: Radii and concentration for some particles [2] 
 
2.1.1   Atmospheric Aerosol 
 
Generally, an aerosol is a suspension of liquid droplets or solid particles suspended 
in a gas, normally air. The residence time of an aerosol particle in the atmosphere can 
extend up to weeks, a year or more in the extreme cases. The smallest particles lie on 
the boundary to molecular clusters and their lifetime is limited by break up or reduction 
with other particles. There are many sources of aerosols. Between the most expanded 
aerosol types belong wind-generated sea spray and mineral dust, biogenic aerosols 
(spores, pollen) and soot particle from fossil fuel, biomass burning. Aerosol particles 
can also arise through gas-to-particle conversion. 
   
Aerosols affect the climate and environment in several ways. Aerosol particles can 
scatter sunlight and could absorb the thermal radiation from Earth. Particles also have 
an impact on the cloud formation and their properties, which is very important factor 
influencing the climate. [4] 
 
Atmospheric aerosols are able of changing radiative forcing both indirectly and 
directly. Radiative forcing is defined like changes in the energy balance of the earth and 
is measured in Watts per square meter. Impact of the direct effect of aerosol on forcing 
is different scattering and absorption of the light by the different types of aerosol. These 
processes depend on the aerosol types, the geographical position and the position in the 
atmosphere where the aerosol is present; this is a difficulty in quantifying. For idea, the 
same aerosol located over a body of liquid water compared to a location over a snow 
can have a different effect on the radiative forcing. [5] 
 
2.1.2   CO2   
 
Carbon dioxide (CO2) belongs among the dominant greenhouse gases (i.e. water 
vapor, methane, nitrous oxide, ozone) which have a crucial role in climate change. CO2 
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is also the most important gas produced by human activity, e.g. its concentration in the 
atmosphere has risen by more than 30 % since the Industrial Revolution and also by 
more than 95 ppm (part per million) in the last 150 years. In 2010, the concentration of 
CO2 was approximately 390 ppm and rose by 2 ppm per year during the last decade. Its 
concentration varies seasonally and considerably on a regional basis, especially near the 
ground. In urban areas, concentrations are generally higher. The majority of carbon 
dioxide is contained in the lower atmosphere (~ 1000 to 800 mbar).  
 
 
Fig. 2: Increase of carbon dioxide over the past 50 years [7] 
 
Graph of the Mauna Loa carbon dioxide above (see Fig. 2) documents two part per 
million (0,53 %) increase per year in atmospheric carbon dioxide since year 1958. 
Carbon dioxide alone is responsible for 63 % of the warming attributable to all 
greenhouse gasses [7]. 
 
The sources of CO2 can be classified according to the origin of carbon dioxide 
(1Pg C /Petagram of Carbon = 1 billion tons of carbon = 3,7 billion tons of CO2)[6]: 
- Biomass burning 
- Energy – stationary sources – The biggest part of the CO2 emission appertain to 
fossil fuel combustion (up to 6,5 Pg C each year). The majority of emission is 
result of electricity generation (coal-fired). Steel and iron manufacture, oil 
extraction, refinement and fossil fuel use belongs among other stationary 
sources of emissions.  
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- Energy – mobile sources – The emissions related to transportation are growing 
rapidly every day. The use of petroleum as a fossil fuel in road, air and marine 
transport has a significant impact on the production of emissions. 
- Industry – CO2 is produced in cement and lime manufacture as a result of the 
heating of limestone (0,2 Pg C per year) and also due to its use in chemical 
feedstocks (0,25 Pg C per year). CO2 is product of fermentation of sugar in the 
brewing of alcoholic beverages. 
- Land-use change – The conversion of land from forested to agricultural land 
has negative effects to greenhouse gas emission (1,6 Pg C per year). 
- Respiration performed by plants and animals 
- Volcanism – Emission of CO2 due to volcanic activity. In global scale, these 
emissions are minority (0,02 – 0,05 Pg C per year). 
 
Climate change and climate prediction studies require monitoring of the global 
carbon cycle that is one of the most important cycles of the earth. The measurement of 
CO2 is also highly desirable due to air pollution by human activity, especially after the 
world now generally agree that the Earth’s temperature is rising. This is consequence of 
elevated CO2 level which contribute to additional absorption and emission of thermal 
infrared in atmosphere. 
 
Carbon dioxide transmits visible light but absorbs strongly in the near-infrared and 
infrared. It therefore has a greenhouse effect on Earth’s atmosphere, holding and 
trapping the sun’s energy in the form of heat. The absorption in the infrared region is 
used to measure of concentration CO2 in many applications. 
2.2 Transmission windows 
 
The radiation emitted by the source or reflected from the targets must get through 
the atmosphere before reaching the detector. The radiation passing through atmosphere 
is absorbed and reemitted by molecular elements and scattered out or into the path by 
various aerosol components, this process is generally described by transmittance or 
absorbance quantity. 
 
The transmission describes an amount of incident light at a specified wavelength 
that passes through a sample of the atmosphere. The transmittance T(λ) is described by 
this equation form,  
 
𝑇(𝜆) = 𝐼
𝐼0
 , 
(2.2) 
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where I is the intensity of the light coming out from the sample and I0 is the intensity 
from the incident light. The absorbance A(λ) is described as 
 
𝐴(𝜆) = 𝐼0 − 𝐼
𝐼0
 . 
(2.3) 
The figures below (see Fig. 3 and Fig. 4) represent and show the presence of 
atmospheric window, which means, regions of reduced atmospheric attenuation. 
 
Fig. 3: Atmospheric transmission over 1NM sea level path [8] 
 
 
Fig. 4: Transmittance of atmosphere in infrared region over 1NM sea level path [8] 
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2.3 Optical interactions of relevance to laser environmental 
sensing 
 
There is variety of interaction between the atmosphere and optical electromagnetic 
radiation that passes through the atmosphere (see Fig. 5). This part is an overview of the 
basic interaction with the names of LIDAR systems based on it. [9]  
 
- Absorption and differential absorption– attenuation of laser radiation when the 
frequency matched to the absorption band of given molecule  
- Differential absorption LIDAR – is used to measure of chemical 
species in the atmosphere 
- Boltzmann distribution – is the law of particle population distribution 
according to energy levels 
- Doppler shift and Doppler broadening  
- Doppler LIDAR - is used to measure wind speed along the beam by 
measuring the frequency shift of the backscattered light 
- Fluorescence – laser radiation matched in frequency to a specific electronic 
transition of an atom or molecule is absorbed with subsequent emission at the 
lower frequency 
- Fluorescence (resonance) LIDAR – the laser wavelength is tuned to 
the resonance absorption wavelength of a specific species whose 
resonant backscatter cross section is measured 
- Mie scattering – laser radiation elastically scattered from atoms or molecules 
with no change o frequency 
- Mie LIDAR – measured backscattered radiation and polarization 
- Raman – laser radiation inelastically scattered from molecules with a 
frequency shift characteristic of the molecule 
- Raman LIDAR – detect selected species by monitoring the 
wavelength-shifted molecular return produced by vibrational Raman 
scattering form the chosen molecules. 
- Rayleigh scattering – laser radiation elastically scattered from atoms or 
molecules with no change frequency 
- Mie LIDAR 
- Reflection from target or surface 
- Target LIDAR (Laser altimeter) 
- Resonance scattering – laser radiation matched in frequency to that of a 
specific atomic transition is scattered by a large cross section and observed with 
no change on frequency 
- Resonance (fluorescence) LIDAR 
 
Chapter 2: Background 
 10 
These issues will be discussed in detail in subsequent chapters. 
 
Fig. 5: Laser beam interaction with the atmosphere (hν - the energy of the photon) 
 
 
Tab. 3: Comparison of backscatter cross section depending on the physical process [10] 
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2.4 Summary 
 
In the first chapter, the atmosphere, its composition and its influence on the 
propagating light beam have been discussed. The various sources and the increase of the 
CO2 as a more important greenhouse gas over the 50 years have been mentioned. The 
particles of atmosphere affect negatively any light radiation, there is attenuation. The 
attenuation is composed from scattering, which is divided into elastic and inelastic 
scattering, and absorption. There are many interactions between the light radiation and 
the atmosphere, the physical process (see Tab. 3) that occurs is basis for LIDAR remote 
sensing.   
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3 LIGHT SCATTERING  
 
The light scattering is a very important phenomenon that is necessary to be 
described apart. The chapter 3.1 describes light scattering generally and shows simple 
examples of light scattering in the world around us. In chapter 3.2, the intensity of light 
scattering is described mathematically. Several types of light scattering are known, they 
can be divided according to frequency difference between incident light and the 
scattered light after the interaction. If the frequency difference occurred, it is classified 
as inelastic scattering and vice versa as a elastic scattering. This issue is discussed in 
chapter 3.3, it covers the Rayleigh, Mie, Raman scattering and backscattering. LIDAR 
is based on the differential kinds of backscattering. 
 
3.1 Light scattering background 
 
Most of the light what can be seen is in an indirect way. Looking at a building, tree, 
hill we can see reflected sunlight. Looking at the sky, a cloud we can see scattered 
sunlight. Electric lamp is the same case, when it doesn’t send light directly from a 
filament but usually shows only the light that has been scattered by a bulb of ground 
glass. 
 
Scattering and absorption are interdependent. Absorption depends on the spectral 
properties of material on which the light falls. Some materials scatter part of the light 
better than other part which is absorbed. It means that its energy is converted into some 
other form and is no longer present in original form. Both absorption and scattering 
remove energy from a beam of light, it means that the beam is attenuated. This 
attenuation is called extinction. [11] 
 
A scattering phenomenon is most important in an area of LIDAR systems. 
Scattering is a general physical process where some forms of radiation are forced to 
deviate from a straight direction by one or more localized non-uniformities in the 
medium through the radiation pass. In our case, a short-pulse laser is used as a 
transmitter to send a light beam through space, atmosphere. The emitted light pulse is 
attenuated on its way through the atmosphere and some fractions of the light reach are 
scattered by molecules and particulates in the atmosphere. This scattered light is emitted 
in all direction relative to the direction of the incident light (see Fig. 6). 
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Fig. 6: Kinds of scattering [12] 
 
3.2 Intensity of scattering 
 
Intensity of scattering can be described also mathematically. Light will be scattered 
by a molecule in solution if the dispersion molecule has a polarizability different from 
its surrounding. If so, the oscillating dipole moment induced by the electric field of the 
incident light beam will radiate light in all directions. The intensity of the scattered light 
will be related to the direction of polarization of the incident light beam, solution 
parameter and scattering angle. [13] 
 
Fig. 7: The angles required to give a mathematical description of light scattering [10] 
 
Assuming that light is linearly polarized and defining angles (see Fig. 7), the scattered 
intensity due to a single molecule with size « λ is given by 
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𝐼𝑠 = 4𝜋2𝑀2(𝑠𝑖𝑛2𝜙)(𝑑𝑛/𝑑𝑐)2𝐼0𝑁𝐴2𝜆4𝑅2 = 𝑆𝐼0𝑅2  . 
(3.1) 
The angles are defined in Fig. , M is the molecular weight of the molecule in Daltons; 
dn/dc is rate of change of index of refraction of the solution as the concentration of the 
solute is changed; I0 is the incident light intensity; NA is Avogadro’s number (Avogadro 
constant); λ is the wavelength of light beam and R is the distance from the observation 
point to the scattering point. The scattered light will be polarized if the incident light 
beam is polarized and the direction of polarization will be lying in the plane determined 
by the direction of the incident light beam and the scattering direction. If these two 
directions are parallel, the angle φ is zero; the scattered intensity disappears according to 
equation above. There is no ambiguity in determining the direction of polarization of 
the scattered light. [13] 
 
3.3 Types of scattering 
 
When a beam of light interacts with a material, part of it is transmitted, part is 
reflected, and part of it is scattered. Over 99 % of the scattered radiation has the same 
frequency as the emitted laser light, it is called elastic scattering: Mie and Rayleigh 
scattering. A small portion of the scattered radiation has frequencies different 
(frequency of the scattered light is shifted) from the incident beam: Raman and 
Brillouin scattering, forms of inelastic scattering. The frequency differences between 
the incident and inelastically scattered radiation are determined by the properties of the 
molecules of which the material under study is made. [11] 
 
Light scattering can be divided into three domains based on a dimensionless size 
parameter α, which is defined as 
 
α = 𝜋𝐷𝑃
𝜆
 , 
(3.2) 
where λ is the wavelength of incident light and πDP is the circumference of a particle. 
 
 
α « 1: Small particle compared to wavelength of light  Rayleigh scattering 
α ≈ 1: Particle about the same size as wavelength of light  Mie scattering 
α » 1: Particle much larger than wavelength of light  Geometric scattering 
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3.3.1 Rayleigh scattering 
 
Elastic scattering (i.e. without change of the frequency of the scattered light) by air 
molecules is called Rayleigh scattering. The Rayleigh scattering cross section σR(λ)[m2] 
is defined by J. W. Rayleigh in 1899 and is given by: 
 
𝜎𝑅(𝜆) = 24𝜋3𝜆4𝑁𝑎𝑖𝑟2 ∙ (𝑛0(𝜆)2 − 1)2(𝑛0(𝜆)2 + 2)2  ∙ 𝐹𝐾(𝜆) 
≈
8𝜋33𝜆4𝑁𝑎𝑖𝑟2 ∙ (𝑛0(𝜆)2 − 1)2  ∙ 𝐹𝐾(𝜆) ,  
(3.3) 
where  n0(λ) is the wavelength dependent index of refraction of air (real part); Nair is the 
number density of air (2,4 × 1019 molecules/cm3 at 20°C, 1 atm); FK(λ) ≈ 1,061 is a 
correction for anisotropy (polarization of air molecules). [14] 
 
Nevertheless since n0(λ)2 - 1≈ 2(n0(λ)) – 1) ∝ Nair, n0(λ) ≈ 1 (n0(550 nm) = 1,000293), 
and n0(λ) - 1∝ Nair, σR(λ) is independent of Nair. [14] 
 
In 1984 Nicolet formulated a simplified expression for the Rayleigh scattering 
cross section [14]: 
 
𝜎𝑅(𝜆) ≈ 4,02 ∙  1028 𝜆4+𝑥  
(3.4) 
with x = 0,04 (for λ < 550 nm) and x = 0,389λ + 0,09426/λ - 0,3228 for 200 nm < λ < 
550nm. 
 
For estimates the Rayleigh scattering cross section can be written as: 
 
𝜎𝑅(𝜆) ≈ 𝜎𝑅0 ∙ 𝜆−4  (𝜎𝑅0 ≈ 4,4 ∙ 10−16 𝑐𝑚2𝑛𝑚4 𝑓𝑜𝑟 𝑎𝑖𝑟) 
(3.5) 
The extinction coefficient due to Rayleigh scattering εR(λ) is given by: 
 
𝜀𝑅(𝜆) = 𝜎𝑅(𝜆) ∙ 𝑁𝑎𝑖𝑟 
(3.6) 
The phase function of Rayleigh scattering is give by: 
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𝜙(𝑐𝑜𝑠𝜗) = 34 (1 + 𝑐𝑜𝑠2𝜗) , 
 (3.7) 
Taking the anisotropy of the polarizability into account, the equation above can 
rewrite as:  
 
𝜙(𝑐𝑜𝑠𝜗) = 0,7629(0,9324 + 𝑐𝑜𝑠2𝜗) 
(3.8) 
3.3.2 Mie scattering 
 
The interaction of light with particulate with a dimension comparable to the 
wavelength of the incident light beam is called Mie scattering (G. Mie in Germany 
1908). It can be assumed as the radiation resulting from a large number of coherently 
excited elementary emitters in a particle, for example molecules. Since the linear 
dimension of the particle is comparable to the wavelength of the light beam, 
interference effect occurs. The difference between Mie and Rayleigh scattering is that 
the much weaker wavelength dependence and a strong dominance of the forward 
orientation in the scattered light (see Fig. 6). [15] 
 
The calculation of the Mie scattering cross section is complicated even for 
spherical particles and it is worse for particles of an irregular shape. But the Mie theory 
for spherical particles is well developed and a number of numerical models exist. For 
example the Mie scattering cross section is given by: 
 
𝜎𝑀 = � 2𝜋𝑘𝑚𝑒𝑑2 ��(2𝑛 + 1) ∙ (|𝑎𝑛|2 ∙ |𝑏𝑛|2)∞𝑛=1  
(3.9) 
where 𝑘𝑚𝑒𝑑 = 2𝜋𝑛𝑚𝑒𝑑 𝜆0�  and the coefficients an and bn are known as Mie coefficients 
and are calculated using spherical Bessel and Hankel function. [16] 
 
To obtain a scattering coefficient ε we can the cross section easily convert using 
the following relation: 
 
𝜀 = 𝑁𝜎 
(3.10) 
Chapter 3: Light scattering 
 17 
where N means the number concentration of particles.  
 
The analytical expression for the scattering phase function only depends on a few 
observable parameters. The Henyey-Greenstein parameterization is used: 
 
𝜙(𝑐𝑜𝑠𝜗) = (1 − 𝑔2)(1 + 𝑔2 − 2𝑔𝑐𝑜𝑠𝜗)3/2 
(3.11) 
which is dependent on the asymmetry factor g – anisotropy of scattering:  
 
𝑔 = 〈𝑐𝑜𝑠𝜗〉 = 12� 𝑃(𝑐𝑜𝑠𝜗) ∙ 𝑐𝑜𝑠𝜗 𝑑 𝑐𝑜𝑠𝜗1−1  
(3.12) 
For isotropic scattering (𝑃(𝑐𝑜𝑠𝜗) = 𝑐𝑜𝑛𝑠𝑡. ) the asymmetry factor g = 0 and for 
tropospheric aerosol a typical value might be large as 10. [16] 
  
3.3.3 Raman scattering 
 
If the scattering molecule changes its state of excitation during scattering, so called 
inelastic scattering occurs, a process described by Raman. The scattered photons have a 
frequency different from, and usually lower, than the frequency of the incident photons. 
A piece of the photon’s energy passes through the photon to the molecule to excite a 
rotation or vibration (or both) of molecule.  
 
There are two types of Raman scattering: 
- Stokes scattering 
- Anti-Stokes scattering 
 
Rotational Raman scattering only changes the rotational excitation state (Stokes 
lines, ∆𝐽 = +2, S-branch) or vice versa (Anti-Stokes lines, ∆𝐽 = −2, O-branch) 
(∆𝑣 = 0). In case that the vibrational state also changes, the term rotational-vibrational 
Raman scattering is used (∆𝑣 = ±1). [16], [17] 
 
Photons interact with molecules to induce transitions between energy states. A 
simplified energy diagram (see Fig. 8) illustrates the fact that the energy of the incident 
and scattered photons in Raman scattering are different. 
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Fig. 8: Energy levels and transitions related to the Raman effect [17] 
 
The energy of the scattered radiation is less than the incident radiation for the 
Stokes line and the energy of the scattered radiation is more than the incident radiation 
for the anti-Stokes line (see Fig. 9). The energy decrease or increase from the excitation 
is related to the vibrational energy spacing in the ground electronic state of the molecule 
and therefore the wave number of the Stokes and anti-Stokes lines are a direct measure 
of the vibrational energies of the molecule. A schematic Raman spectrum could seem 
as: 
 
 
Fig. 9: Spectrum - Stokes and Anti Stokes line [17] 
 
The Raman backscatter from the atmosphere is weak, however, the backscattered 
radiation from water areas is perceptibly enhanced by vibrational Raman scattering 
form liquid water. 
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3.3.4 Backscattering 
 
Backscattering is a special case of scattering when the radiation is scattered by 
molecules and particulates of the atmosphere back to the direction they came from (the 
scattering angle θ = 180°). The characteristic and amount of backscattered radiation 
depends on many factors [18]: 
 
- The refractive index of the particles n [-] 
 
𝑛 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑎 𝑣𝑎𝑐𝑢𝑢𝑚
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚𝑒𝑑𝑖𝑢𝑚  
(3.13) 
 
- The size distribution of the particles or scatters 
- Relative humidity – as the relative humidity of the environment increases, 
condensation of water vapor may take place on the aerosol particles 
depending on their chemical composition. This leads to an increase of the 
site of particles with consequent changes of the refractive index. 
 
Different types of physical process in the atmosphere are related to different types 
of scattering and also backscattering. The remote sensing of atmospheric properties 
from LIDAR all rely on the backscattering of light particles (see Fig. 6). In LIDAR 
system generally, the detected wavelengths include the elastic backscatter signals (Mie 
and Rayleigh) at the emitted wavelength, the vibrational-shifted Raman backscatter 
signals (inelastic scattering), and the rotation-shifted Raman backscatter signals 
(inelastic scattering). 
 
The Rayleigh backscatter signal is proportional to the air density, i.e. the whole 
backscatter profile is proportional to the density profile of the atmosphere. 
 
3.4 Summary of light scattering 
 
In this chapter, the light scattering (Mie, Rayleigh, Raman scattering and 
backscattering) has been examined and the scattering cross section has been formulated 
for elastic scattering. The elastic scattering contains Mie and Rayleigh scattering. Light 
scattering can be thought as the deflection of the radiation from straight path because of 
particles interactions in the atmosphere. In case that the scattering radiation is scattered 
back towards the source of initial radiation, it is called backscattering. Whole LIDAR 
system is based on this principle, on different types of backscattering that are collected 
by receiver. 
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4 LIDAR 
 
The LIDAR (i.e. LIght Detection And Ranging) technique is a method for remote 
sensing and probing the atmosphere that uses laser energy in radar fashion. LIDAR 
employs a laser light as a source of pulsed energy because the spectral, spatial and 
temporal characteristics can aid in extracting more information from the light collected 
in the LIDAR receiver.  
 
Historically, LIDAR principles were first applied in 1938 to probing cloud base 
heights. Invention of the laser in year 1960 by Charles Hard Townes led to a rapid 
development of modern LIDAR technology. In the summer of 196, Fiocco and Smullin 
used successfully ruby laser radar to make observations of the mesosphere. [19] 
 
This chapter will focus on the background of the LIDAR techniques and will make 
an analysis of individual techniques on the field of application. The section 4.1 deals 
with setup and conception of the LIDAR. This setup of LIDAR takes into account the 
selection of suitable laser source and detectors and their positions to each other in the 
LIDAR system, as a configuration setup. LIDAR equation, its parts and principles are 
discussed in detail in the section 4.2. For the analysis of the LIDAR measurements and 
observations, the LIDAR ratio is discussed in the same section. The section 4.3 contains 
the division of LIDAR techniques (Mie LIDAR, Differential absorption LIDAR, Raman 
LIDAR, Fluorescence LIDAR, and Doppler LIDAR) according to the physical process 
that can occur in the atmosphere. The division is extended of the principles of the 
individual sensing techniques and their applications. LIDAR is used in many 
environments, in the water, on the ground, in the air and also in the space.  The choice 
of measurement platforms for LIDAR system depends only on the research group and 
on the characteristic of measurement. The last section 4.4 is aimed to platforms of 
LIDAR and their properties and applications. 
 
4.1 LIDAR setup 
 
The basic setup of a LIDAR system (see Fig. 10) consists of a transmitter and a 
receiver. Laser in the transmitter generates a short light pulses with specific spectral 
properties. In order to decrease the divergence of the light beam before it is sent out to 
space, a beam expander is used on the transmitter side. The receiver contains a 
telescope which collects the photons backscattered from the atmosphere. This is 
followed by postprocessing (an optical analyzing system), which depends on the 
application, selects specific wavelengths or polarization states out of the collected light. 
[19] 
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Fig. 10: Setup of LIDAR system [19] 
 
The distance from transmitter to the target is determined by the transmit time of the 
emitted light from the transmitter to the target and back to the receiver. 
 
4.1.1 Laser source 
 
Wavelengths from 200 nm to 11 µm are used in LIDAR system, specific value of 
wavelength used depends on the application. In the early years, most remote sensing 
measurements have used dye, ruby, copper-vapor, CO2 and since the 1980s 
Nd:YAG(neodymium: yttrium-aluminium-garnet) lasers, which have sufficient energy 
for probing of atmospheric species in average ranges, operate in transmission windows, 
where atmospheric constituents don’t have  reasonably strong optical interaction. [19] 
 
These days Nd:YAG  are being replaced by tunable, solid-state lasers. These lasers 
are based for example on titanium: alexandrite crystal or sapphire crystal and optical 
parametric oscillator. The doping of crystalline lattices, for example yttrium lithium 
fluoride -YLF, yttrium aluminium garnet -YAG, lutenium aluminium garnet –LuAG, or 
glasses with active ingredients as Ho, Tm, Nd, Cr, Er or Yb, which creates a wide range 
of infrared wavelengths. [19] 
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4.1.2 Detectors 
 
A photomultiplier tubes (PMTs) (see Fig. 11) or avalanche photodiodes (APDs) 
(see Fig. 12) are used for detection of backscatter signal. 
 
PMTs are broadly for their high gain, low noise, large area of collection and very 
fast response times. Photomultiplier tubes are capable of single photon counting and can 
be used from the ultraviolet through visible and X ray region. [2] 
 
 
Fig. 11: Photomultiplier tube [20] 
 
The operating principle of PMTs can be described as: The incoming photons which 
strike the PMT’s photocathode eject an electron by photoelectric effect and this electron 
is accelerated in direction to the first dynode (a potential of 100 ~ 400 Vdc). Secondary 
electrons are ejected when the electron impacts the first dynode, and these electrons are 
accelerated in direction to the second dynode. This process is repeated for 8-14 
dynodes, each providing an electron gain of about 4-5. This process produces 106 to 107 
electrons which are collected by the anode.  [2] 
 
The method of measurement with APDs counts with used APDs in vacuum 
(VAPD). The operating principle of VAPDs can be described as follows: when the 
incoming photons get through the glass window, they are absorbed by the photocathode, 
which emits electron into the vacuum. These electrons are accelerated by the electric 
field towards to the surface APD. Afterwards electrons from the internal APD 
(semiconductor) are promoted into the conduction band. The total gain of VAPD can be 
higher than 106. [2] 
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Fig. 12: Structure of VAPD 
4.1.3 Configuration setting 
 
LIDAR is used in either monostatic or bistatic configuration (see Fig. 13) 
depending upon the application or experimental requirements. In the monostatic 
configuration, the transmitter and receiver are arranged either co-axially, i.e. the optical 
axis of the laser beam is coincident with the receiver optics, or in a bi-axial 
arrangement, i.e. the laser beam only enters the field of view of the receiver optics 
beyond some predetermined range. Biaxial arrangement help avoid near-field 
backscattered radiation saturating photo-detector. The near-field backscattering problem 
in a coaxial arrangement can be overcome by either gating of the photo-detector or use 
of a fast shutter or chopper (field stop chopper). In the case of bistatic configuration, the 
transmitter and receiver are spatially separated. [21] 
 
 
Fig. 13: Configuration setting of LIDAR [21] 
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Monostatic LIDAR is suitable besides ground applications for the development of 
mobile systems for mobile, aircraft and spacecraft installations. Bistatic LIDAR, on 
account of its angular scattering measuring capabilities, possesses advantages over 
monostatic LIDAR.  
 
4.2 LIDAR equation  
 
In the basic form can be the detected LIDAR signal written as 
 
𝑃(𝑅) = 𝐾𝐺(𝑅)𝛽(𝑅)𝑇(𝑅) 
(4.1) 
where the power P received from a distance R is consisted of four coefficients. 
Coefficient K summarizes the performance of whole system, G(R) characterizes the 
rang-dependent measurement geometry. Both coefficients K and G(R) can be controlled 
and they are wholly determined by the LIDAR setup. Remaining two factors contained 
the information on the atmosphere and thus the measurable quantities. Symbol β(R) 
indicates backscatter coefficient at distance R, which means ability of the atmosphere to 
scatter light back towards a source from which it comes. Transmission term T(R) 
defines how much lights gets lost on the way from the LIDAR to distance R and on the 
way back to LIDAR (2.R). Against the previous two coefficients, these two coefficients 
β(R) and T(R) are unknown and subjects of investigation. [19] 
 
 
This basic equation can be gradually expand and system factor K is written as  
 
𝐾 = 𝑃0 𝑐𝜏2 𝐴𝜂 , 
(4.2) 
where P0 is the average power of a single laser pulse and τ means the temporal pulse 
length. 
 
𝐸0 = 𝑃0𝜏 
(4.3) 
is the pulse energy and cτ of Eq. (4.2.) is the length of the volume illuminated by the 
source at a fixed time. In Fig. 14 is described the coefficient 1/2 which is used in Eq. 
(4.2.). 
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Fig. 14: LIDAR geometry [19] 
 
When the LIDAR signal is detected in instant time t after the leading edge of the laser 
pulse was radiated, thus the backscattered light from the leading edge of the laser pulse 
comes from the distance described as R1 = ct/2. At the same moment, light produced by 
the trailing edge arrives from distance R2 = c(t-τ)/2. It follows that ΔR = R1 – R2 = cτ/ 2 
is the length of the volume from which backscattered light is received at a momentary 
time. This length is called the effective pulse length. A describes the area of primary 
receiver, which collects the backscattered light and η is total system efficiency. 
Between paramount design parameters of a whole lidar system include the telescope 
area A and the laser energy E0 (average laser power P = E0 fREP; fREP means the pulse 
repetition frequency). [19] 
 
 
The geometric factor 
𝐺(𝑅) = 𝑂(𝑅)
𝑅2
 , 
(4.4) 
where O(R) is receiver-field-of-view overlap function(we will discuss below) and the 
term 1/R2 means the quadratic decrease of the signal intensity with distance. This 
decrease of the intensity with distance is due to the fact that the receiver telescope area 
created a part of a sphere’s surface with radius R that encloses the scattering volume.   
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Majority of LIDAR systems have a range of altitudes near the source, known as the 
incomplete overlap region. It is the case where the laser’s radiation isn’t completely 
within the field of view of the telescope (see Fig. 15). The incomplete overlap region 
can extend up to a several kilometers above the LIDAR. The region exhibits a decrease 
in the number of photon counts received by a LIDAR detector. In case that the 
incomplete overlap region did not exist, the LIDAR signal would follow a βmol/R2 
dependence assuming pure molecular scattering. The figure below (see Fig. 15) shows 
that inside the incomplete overlap region, the number of photon counts decreases and 
the LIDAR deviates for the βmol/R2 dependence. [23] 
 
 
 
 
Fig. 15: Bi-axial LIDAR system with a diverging beam of radiation ad field of view of the 
telescopes primary mirror. [23] 
 
The overlap function O(R) describes the incomplete overlap region of a LIDAR 
and is defined to represent the fraction of the beam that is within the field of view of the 
receiver telescope. Just in case that the beam is totally within the field of view of 
telescope, the overlap function is equal to 1. If the beam is not in the field of view the 
value is 0. An overlap function can be seen in the figure below (See Fig. 16), where the 
solid line is the profile for overlap function and the dashed line is a simulated profile for 
LIDAR with no incomplete overlap region. The dotted curve means the calculated 
overlap function. 
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Fig. 16: Influence of the overlap function on the signal dynamics [23] 
 
The backscattering coefficient β(R,α) describes how much light is scattered (the 
scatter angle θ = 1800) from target in back direction, towards the receiver. This 
atmospheric coefficient determines the strength of the LIDAR signal.  
 
𝛽(𝑅, 𝜆) = �𝑁𝑗(𝑅)𝑑𝜎𝑗,𝑠𝑐𝑎𝑑Ω (𝜋, 𝜆)
𝑗
 , 
(4.5) 
where Nj  is the concentration of scattering particles of kind j (in the volume illuminated 
by the laser LIDAR pulse) and dσj,sca(π,λ)/dΩ is the particles differential cross section 
in the back direction at wavelength λ. Eq. (4.5) summarizes all kind of scatters. The 
backscatter coefficient has the unit of m-1sr-1, this follows from the fact that the 
differential scattering cross section is given in units of m2sr-1 and the number 
concentration in units of m-3. [19] 
 
The backscattering coefficient β(R,α) can be also written as 
 
𝛽(𝑅, 𝜆) = 𝛽𝑎𝑒𝑟(𝑅, 𝜆) +  𝛽𝑚𝑜𝑙(𝑅, 𝜆) ,  
(4.6) 
which is a consequence of the laser is in atmosphere scattered by aerosols (particulates) 
and air molecules. Particulate scattering βaer(R,λ) is variable in the atmosphere on all 
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scales. Aerosols and particles represent the liquid droplets or solid particles suspended 
in a gas. Molecular scattering βaer(R,λ) occurs mainly from oxygen and nitrogen 
molecules. The density of these gases depends on height, with increasing height the 
density of gases decreases. In other words, it depends on the direction of the observation 
– observation from the ground means that the backscattering decreases with distance.  
Observation from aircraft, spacecraft or high altitude platform is the opposite, where the 
backscattering increases with the distance. [19] 
 
The last part of LIDAR equation is transmission term T(R) given by 
 
𝑇(𝑅, 𝜆) = 𝑒𝑥𝑝 �−2∫ 𝛼(𝑟, 𝜆)𝑑𝑟𝑅0 � .  
(4.7) 
The T(R) can take values between 0 and 1, its equation results from the Lambert-Beer-
Bourguer law (the law relates the absorption of light to the properties of the material 
through which the light is traveling) for LIDAR. In eq. (4.7), the integral counts the path 
from LIDAR to the target in distance R and the coefficient 2 means two-way 
transmission path. α(R,λ) is the extinction coefficient and whole sum of transmission 
losses is named light extinction. Extinction coefficient is the product of number 
concentration and extinction cross section σj,ext for each type of scatter j and we can 
write its equation as [19] 
 
𝛼(𝑅, 𝜆) = �𝑁𝑗(𝑅)𝜎𝑗,𝑒𝑥𝑡(𝜆)
𝑗
 . 
(4.8) 
The extinction coefficient 𝛼(𝑅, 𝜆) can be written as the whole sum of 4 components 
(scattering and absorption of light by molecules and particles), 
 
𝛼(𝑅, 𝜆) = 𝛼𝑚𝑜𝑙,𝑠𝑐𝑎(𝑅, 𝜆) + 𝛼𝑚𝑜𝑙,𝑎𝑏𝑠(𝑅, 𝜆) + 𝛼𝑎𝑒𝑟,𝑠𝑐𝑎(𝑅, 𝜆) + 𝛼𝑎𝑒𝑟,𝑎𝑏𝑠(𝑅, 𝜆) . 
(4.9) 
Because of scattering in all directions contributes to light extinction, the extinction cross 
section σext(λ) (m-1) can be written as a sum of the scattering cross section σsca(λ) (m2) 
and absorption cross section σabs(λ) (m2), 
 
𝜎𝑒𝑥𝑡(𝜆) = 𝜎𝑠𝑐𝑎(𝜆) + 𝜎𝑎𝑏𝑠(𝜆) . 
(4.10) 
Both parameters of the equation, β and α, depends on the wavelength of the 
LIDAR system (laser light). The shape and size of the scattering particles and refraction 
index determines wavelength used. 
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At the end, the whole LIDAR equation in light power is given by 
 
𝑃(𝑅, 𝜆) = 𝑃0 𝑐𝜏2 𝐴𝜂 𝑂(𝑅)𝑅2 𝛽(𝑅, 𝜆)𝑒𝑥𝑝 �−2� 𝛼(𝑅, 𝜆)𝑑𝑟𝑅0 � . 
(4.11) 
We have to count that the detected signal in LIDAR system will always be influenced 
by contributions of the background. During the day, background signal is dominated by 
direct or scattered sunlight, during the night the stars, the moon and light pollution 
contribute to the background light. These contributions have to be subtracted before the 
LIDAR signal can be evaluated further. [19] 
 
LIDAR equation in light power including noise is given by 
 
𝑃(𝑅, 𝜆) = 𝑃0 𝑐𝜏2 𝐴𝜂 𝑂(𝑅)𝑅2 𝛽(𝑅, 𝜆)𝑒𝑥𝑝 �−2� 𝛼(𝑅, 𝜆)𝑑𝑟𝑅0 � + 𝑃𝐵, 
(4.12) 
where PB is the expected power due to background noise, detector, circuit shot noise, 
etc. The background sources can be divided into two groups on dependence on the type 
of system: 
 
- Up-looking LIDAR – main background noise come from solar scattering,  
solar radiation, star and city light 
- Down-looking LIDAR – besides above noise, it could have three extra 
backgrounds: Specular reflection from ice/water surface, solar reflectance 
from ground and Laser reflectance from ground 
 
4.2.1 LIDAR Ratio 
 
The LIDAR ratio is a very important relation for the analysis of the LIDAR 
measurements and observations. The LIDAR ratio is a ratio of extinction coefficient and 
the volume of backscatter cross section for an individual type of particle. [23] 
 
𝑆(𝑅, 𝜆) = 𝛼(𝑅, 𝜆)
𝛽(𝑅, 𝜆) , 
(4.13) 
where 𝑆(𝑅, 𝜆)is the LIDAR ratio, 𝛼(𝑅, 𝜆) is the extinction coefficient and 𝛽(𝑅, 𝜆) is 
backscatter cross-section. The LIDAR ratio is different for various types of particles 
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(see Tab. 4).  
 
- The LIDAR ratio for molecules is �8𝜋
3
� 𝑠𝑟 assuming no absorption. 
 
- The aerosol LIDAR ratio (Saer) depends on the shape and size of the 
particles, chemical composition, the wavelength scattered and the refractive 
index of the aerosol being scattered. These quantities of LIDAR ratio can 
significantly vary based on the type of aerosols, from 20sr to 100sr for 
visible wavelengths. [23] 
 
- The clouds LIDAR ratio is usually smaller than aerosols and can vary 
between 6 sr and 60 sr for different types and altitudes of clouds.[23] 
 
Particle Type Lidar Ratio (sr)
Marine 28±5
Desert dust 28±8
Biomass burning 60±8
Urban pollution 71±10
SE Asia 58±10  
Tab. 4: LIDAR rations at 550nm for different types of aerosol [23] 
4.3 Introduction to LIDAR methods and techniques  
 
In this part, we will talk about five basic LIDAR techniques and their specific use. 
Following belong among single-ended LIDAR systems (it means, co-locate the laser 
source and telescope receiver) include [19]: 
 
- Elastic-backscatter LIDAR 
- Differential-absorption LIDAR 
- Raman LIDAR 
- Fluorescence (resonance) LIDAR 
- Doppler LIDAR 
 
4.3.1 Elastic-backscatter LIDAR 
 
The elastic-backscatter LIDAR is the most basic and common form of LIDAR 
system for studies of aerosols and clouds in the atmosphere. This type of LIDAR 
applies only one laser emitting a single wavelength and one detector measuring the 
radiation elastically backscattered from the particles and aerosols in atmosphere. Elastic 
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scattering is a process in which the wavelength of the radiation remains unchanged. In 
the simplest case, the source is often a nontunable Nd:YAG pulsed laser. This system is 
also known as a Rayleigh-Mie LIDAR. [19] 
 
Atmospheric constituents as aerosols, dust, clouds have relatively large optical 
scattering cross sections and are relatively simply to detect. Such LIDAR are used for 
probing and tracking of gases plume from industries (urban pollution) and can be used 
to map out snow, rain and measurement of visibility and clouds height. 
 
 
Fig. 17: ALOMAR observatory with the two green laser beams of the RMR 
(Rayleigh/Mie/Raman) LIDAR [24] 
 
4.3.2 Differential-absorption LIDAR 
 
This technique of LIDAR (see Fig. 18) uses two (or more) wavelengths to measure 
the difference in the absorption of the radiation signal as the laser frequency, when one 
wavelength is absorbed more strongly (λI) than the other one (λ). This difference is 
determined by the differential molecular absorption coefficient Δαmol, abs. If this 
coefficient is known, the number concentration molecules or gas atoms can be deduced 
from Eqs. ( 4.10)-(4.11). [2] 
 
The concentration of the absorbing molecule can be also written as 
 
𝑁𝑎 = 12(𝜎𝑎𝐼 − 𝜎𝑎)𝑅 �𝑙𝑛 �𝑃𝑛𝑃𝑛𝐼� + 𝑙𝑛 �𝛽𝐼𝛽 � + 2(𝛼 − 𝛼𝐼)𝑅� , 
(4.14) 
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where Na is the concentration of the absorbing molecule, σa is the absorption cross-
section of the absorbing molecule, Pn is the backscattered signal power normalized to 
the transmitted power Pn = P / P0, R is the range to the target and α, β are backscattered 
coefficients. The advantage of the DIAL is that we can reduce the equation of 
concentration Na in this form 
𝑁𝑎 = 12(𝜎𝑎𝐼 − 𝜎𝑎)𝑅 𝑙𝑛 �𝑃𝑛𝑃𝑛𝐼� , 
(4.15) 
when the use of closely spaced frequencies results in differences of target reflectivity 
(Δβ) and extinction (Δα) that are insignificantly small. [2] 
 
The DIAL systems in UV and IR spectral regions were developed for ozone and 
industrial pollution including SO2, NO2, NH3, HCl, CO2 and Hg in column-content 
measurements. In range-resolved measurements radiates a continuous signal as a 
function of range which implies a possibility of 3D mapping of the measured particles.  
[2] 
 
 
Fig. 18: DIAL system measuring two plumes of CO2 [25] 
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4.3.3 Raman LIDAR 
 
Raman scattering is an inelastic process which involves the change of energy level 
(vibrational-rotational) of the selected gas of interest from all other atmospheric 
constituents. A portion of the energy of the emitted light is deposited in the gas during 
the inelastic scattering process, what causes a shift of the scattered light to a longer 
wavelength. This frequency shift corresponds to the energy shift between the initial and 
final molecular states. An amount is unique and distinct for each molecular species, 
which enables an individual analysis of the Raman return from each particle. [2] 
 
Raman LIDAR is generally used with high-energy pulsed lasers and is used only in 
UV and visible regions of the spectrum. Raman LIDAR has a range capability of tens of 
kilometers for example for detection of N2 or for the observation of tropospheric water-
vapor profiles, but the range is strictly limited to the measurement of air pollution (a 
few hundred meters). [2] 
 
From the fact, that the backscattered Raman intensity is strongly temperature 
dependent (the intensity distribution inside the Raman bands contains information of the 
temperature in the scattering volume), Raman LIDAR is used for the measurement of 
atmospheric temperature profiles. 
 
4.3.4 Fluorescence (resonance) LIDAR 
 
Resonance fluorescence is the process where the energy of an incoming photon 
(see Fig. 19) coincides with energy of a transition in the level of an atom, ion, or 
molecule and is reemitted at the same or some longer wavelength. Only those cases are 
considered in LIDAR system where both wavelengths are the same. [19] 
 
In a fluorescence resonance LIDAR system, the laser beam must be tuned to the 
resonance absorption wavelength of the species of interest. When illuminated at the 
resonance wavelength by the LIDAR system, the atoms fluoresce because some of the 
photons are resonantly absorbed and the reradiated. The resonant backscatter cross 
section is many orders of magnitude larger than the molecular backscatter cross section 
of the species. [2] 
 
An application of fluorescence LIDAR involves the study of the hydroxyl free 
radical (OH). Although OH occurs as a trace species at very low concentrations, it plays 
important catalytic role in various atmospheric chemistry processes and with nitrogen 
oxides and chlorine is involved in the O3 decrease cycle in the atmosphere. [2] 
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Fig. 19: Photon count profile measured with sodium fluorescence LIDAR [26] 
 
4.3.5 Doppler LIDAR 
 
In the atmosphere is a lot of movement as a wind and turbulence which represents 
moving molecules and particles with a certain velocity. Doppler shifts are based on the 
direction of motion-scatterers( the molecules and particles) along the line of sight of the 
Doppler LIDAR system. This means if the scatterers move toward the LIDAR system, 
the backscattered radiation have higher frequency than initial radiation and vice versa. 
By determining the frequency shift inside system, the wind velocity can be measured. 
[2] 
 
Fig. 20: EDOP reflectivity and Doppler velocity observations taken from Hurricane [27] 
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Although the frequency shift in comparison to the ration of speed of light and wind 
speed are very small, they can be measured by optical heterodyne detection techniques. 
Doppler LIDAR is based on the single-mode single-frequency laser radiation and the 
coherent detection of the backscattered radiation from the moving scatterers. The 
backscattered signal is mixed with the radiation at or near the LIDAR transmitter 
wavelength from a local oscillator and the result frequency difference is determined. [2] 
 
These systems have been used to measure wind velocity (see Fig. 20), clear air 
turbulence and aircraft vortices. 
 
4.3.6 HSRL LIDAR 
 
Standard backscatter LIDARs are commonly used to derive aerosol backscatter and 
extinction coefficients, but actually measures attenuated backscatter coefficients, i.e. the 
product of the two-way transmission of the atmospheric volume between LIDAR 
system and the backscatter volume in question. The retrieval of both particulate 
extinction and backscatter coefficients relies on an assumption of their ratio, Saer (see 
Tab.3.).  Error in the assumed value of Saer creates errors in both the extinction and 
backscatter coefficient profiles. 
 
HSRL (High Speed Resolution LIDAR) method takes advantages of the spectral 
distribution of the LIDAR return signal to discriminate aerosol returns from molecular 
returns and estimate aerosol backscattering and extinction independently. HSRL method 
relies on the divergence in spectral distribution of backscattered signal from particulates 
and molecules. The difference is based on the fact that the radiation scattered from 
aerosol particles has nearly the same spectral distribution as that of the incident laser 
pulse and the radiation scattered from air molecules (the Cabannes scattering) is 
broadened by a few GHz.  [28] 
 
Discrimination between aerosol/cloud and molecular returns in the High Speed 
Resolution LIDAR receiver is accomplished by splitting the returned signal into two 
optical channels. The molecular backscatter channel (which is equipped with an 
extremely narrowband iodine vapor absorption filter to eliminate the aerosol returns and 
pass the wings of the molecular spectrum, see Fig. 21 below) and the total backscatter 
channel (which passes all frequencies of the returning signal). [29] 
 
After appropriate internal calibration of the sensitivities of the two channels, the signal 
is used to derive profiles of extinction and backscatter coefficient. The main advantage 
of HSRL is the ability to provide extinction and backscattering coefficient for total 
aerosols without assuming a LIDAR ratio. 
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Fig. 21: Schematic diagram for a HSRL return spectra [28] 
 
4.4 Division of LIDAR system – platforms 
 
There are many methods and ways how to collect measured values by LIDAR 
system. We can distinguish among several different types of LIDAR systems by the use 
of remote sensing platform upon which the LIDAR sensor is mounted. 
 
- Terrestrial LIDAR, static ground-base systems (tripods) 
- Airborne LIDAR, dynamic air-based systems (fixed wing, rotary) 
- Spaceborne LIDAR, orbiting satellites 
- Mobile LIDAR, dynamic ground-based systems (vehicles) 
- Bathymetric mapping systems 
- Shipborne LIDAR, Submarine LIDAR, etc. 
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The choice of remote sensing platform depends on the application which needs to 
be done; ground-based platforms are frequently used to produce detailed models of 
buildings (3D), factories, bridges, historical housings and whole human made 
infrastructure; airborne platforms are very suitable for topographic mapping; spaceborne 
platforms are used for mapping areas of the globe.  
 
4.4.1 Terrestrial LIDAR, Mobile LIDAR 
 
Terrestrial LIDAR system are used for close range, high accuracy applications and 
plays an essential role in the acquisition of complete 3D data for urban or object 
surfaces modeling (see Fig. 22).  
 
Terrestrial LIDAR in the most basic design is composed from LIDAR system and a 
stationary platform such as a tripod or mast. In case of stationary system, whole LIDAR 
system is set up over a known point and a GPS/INS (Global Positioning System/Inertial 
navigation system) georeferencing system is not needed. The laser is used for the 
measurement, which operates in an infrared or green wavelength area, LIDARs pulse at 
rates up to 1000 Hz and can scan objects from 1 meter up to 1000 meters away with 
accuracies on the order of millimeters to a few centimeters. [30] 
 
 
Fig. 22: Leica terrestrial LIDAR and result of scanning [28] 
 
Ground based LIDAR takes advantage of simple principle of scanning work by 
emitting light and detection the reflected light in order to accurately determine the 
distance to the reflected object. For better system utilization, LIDAR can be equipped 
with rotating mirrors, which allow millions of measurements to be made over a scene. 
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There are two primary types of ground based LIDAR [32]:  
 
- Rangefinding (time-of-flight) – This system emits a pulse of laser light that is 
reflected off the scanned object and a sensor measures the time of flight for the 
pulse to travel to and from the reflected surface. The system can measure 
distances of several hundred meters with centimeter-level accuracy. The 
resulting distance is then computed using a simple formula:  
 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 ∙ 𝑇𝑖𝑚𝑒 𝑜𝑓 𝑓𝑙𝑖𝑔ℎ𝑡2  [𝑚] 
(4.16) 
 
- Phase-differencing – In this system, a laser beam with sinusoidally modulated 
optical power is emitted and reflected off an object. The reflected light is 
detected and compared inside the LIDAR system with emitted light to 
determine the phase-shift. This system is used for very close range (less than 50 
meters) work with millimeter-level accuracy. The time of flight (a substitute to 
find the distance, Eq. (3.16)) is then determined from this equation: 
 
𝑇𝑖𝑚𝑒 𝑜𝑓 𝑓𝑙𝑖𝑔ℎ𝑡 = 𝑃ℎ𝑎𝑠𝑒 𝑠ℎ𝑖𝑓𝑡2𝜋 ∙ 𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  [𝑠] 
(4.17) 
Dynamic terrestrial LIDAR (mobile LIDAR) is used for collection of very high 
resolution, high accuracy street level views and urban facilitated on a moving platform. 
In case of dynamic LIDAR, the whole system is in motion and a GPS/IMU (GPS with 
an Inertial Measurement Unit) is a necessity to provide georeferencing. Mobile LIDAR 
generally collects a full 360° field of view at a speed of 24-32 km/h. [30]  
 
4.4.2 Airborne LIDAR, Bathymetric LIDAR 
 
Airborne LIDAR means a LIDAR device mounted on an airborne platform (see 
Fig. 23). LIDAR emits fast pulses from a focused infrared laser which are beamed 
toward the ground across flight path by a scanning mirror. After detection, the 
reflectance from the surface, ground, structures, or tops of the vegetation are relayed to 
a discriminator and a time interval meter which measures the elapsed time between 
transmitted and received signal. From this information, the distance between the ground 
below and airborne platform (e.g. plane) is determined (this is the case of the simplest 
airborne LIDAR system – a laser rangefinder, or laser altimeter). Airborne LIDAR as a 
dynamic system contains a GPS/IMU (georeferencing). A kinematic airborne GPS 
systems locks on to least four navigation satellites and registers the spatial position of 
the aircraft and an interfaced IMU (Inertial Measurement Unit) record the pitch, roll, 
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and heading of the airborne platform. Airborne LIDAR can also be used with other 
additional devices as a digital camera or video camera to capture image of the terrain 
that is being scanned. [33] 
 
 
Fixed wing platform – Aircrafts are the main platforms for topographic LIDAR 
mapping systems, they are capable of operating over a wide range of altitudes to 
accommodate project specific needs for point density, accuracy and area coverage. 
Aircraft (e.g. UAV - Unmanned aerial vehicle) can be deployed whenever and wherever 
weather conditions are favorable. More aircraft can be deployed for scanning of large 
areas; the individual results of measuring are then merged together. Typical point 
densities on the ground range from 1 point per 3 - 5 meters up to several points per 
square meter at accuracies on the order of 10-15 centimeters. [30] 
 
Rotary wing platform – The principle of Airborne LIDAR in the helicopters is 
similar to fixed wing platforms. The main advantage of the helicopter is the ability to 
fly slow, low and precisely follow the corridor to measure. From the fact that the 
scanner is moving much slowly above the target area can be achieved much higher 
point densities. Airborne LIDAR based in the helicopter can collect tens to hundreds of 
points per square meter on the ground and can achieve vertical accuracies of a 
centimeter or better. [30] 
 
 
 
 
 
 
 
 
Fig. 23: Principle of Airborne LIDAR [31] 
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Bathymetric LIDAR systems – LIDAR system designed for mapping underwater, 
which use a blue-green laser for scanning. This laser system is able to penetrate water 
and provide returns of underwater objects or the bottom. Bathymetric LIDAR system 
also uses a low-flying aircraft equipped with GPS/IMU. The most important limiting 
factors are depth and clarity of water; in the clearest water, penetration down to 50 
meters can be achieved. [30] 
 
4.4.3 Spaceborne LIDAR 
 
LIDAR system suitable for spaceborne application is different than the airborne 
system. Usually, it has large and heavy power supplies and optics are required to send a 
laser pulse to the ground and receive its reflection over the hundreds of kilometers 
between the sensor on the spaceborne platform and the Earth (see Fig. 24). [30] 
 
 
 
Fig. 24: Concept of the LIDAR Surface Topography (LIST) satellite generating a 5km swath 
containing 1000 beam spots at 5 m per spot [35] 
 
Satellites are generally placed in one of three orbits around the Earth: 
 
- Geostationary: Satellites are placed at very high altitude ~ 36000 km in order 
to achieve an orbital period equal to the period Earth's rotation. The sensor 
system observes all the time the same area (very large area) of the Earth. 
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- Polar: Satellites on the polar orbit see every part of the Earth's surface, because 
satellites pass above each poles (of the Earth) and pass over the equator at a 
different longitude, on each revolution. This fact is very advantageous for Earth 
remote sensing from spaceborne platform. 
 
- Sun-synchronous: This orbit means a special case of a polar orbits, which 
combines inclination and altitude in such way that a satellite (object) on that 
orbit descends or ascends over any given point of the Earth's surface at the 
same local solar time. These are the most usual orbits for remote sensing 
satellites. 
 
The spaceborne platforms have one big advantage over airborne platform, global 
accessibility. They are above the surface where the planes are subject to governmental, 
physical or other security restrictions. [30] 
 
4.5 Summary of LIDAR 
 
In this chapter, LIDAR setup has been discussed. The laser sources have been 
named as the solid state laser, gas laser or dye laser that are typical for LIDAR 
technique. The principle of work of typical detectors (PMT, APD) has been explained. 
This extensive chapter contains whole background of LIDAR techniques, basic 
equations that are necessary to the measuring and to the understanding of active remote 
sensing. Each sensing technique is based on the physical process that can occur in the 
atmosphere. The backscattering light from target is collected in the receiver aperture 
and after then it is evaluated depending on the LIDAR technique that was used and on 
the measuring of the interest. The basic LIDAR techniques have been described in this 
chapter. There are many applications of LIDAR sensing and also there are many 
different ways how to measure depending on the requirements, accuracy and resources. 
The measured platform derived from that. 
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5 CURRENT APPLICATION: SUMMARY 
 
Over the time, LIDAR has become a very useful tool and in these days LIDAR 
technology has been operationally used in different applications by many organizations 
and industries. LIDAR technology has many applications in geomatics, archaeology, 
geography, geology, geomorphology, seismology, remote sensing and atmospheric 
physics. In this chapter, we will summarize all the possibilities of utilization LIDAR 
systems depending on the environment where it is used.  
 
 
 
 
 
Tab. 5: Division of LIDAR depending on physical process [10] 
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5.1 Utilization of LIDAR for Atmospheric studies 
 
LIDAR has also become a very useful for remote sensing of atmospheric 
parameters due to its high accuracy and high time-space resolutions of measurements. 
These parameters are very important to identify structure of the lower atmosphere or the 
evolution of air pollution.  
 
The measuring or research of: 
 
- Atmospheric aerosols 
- Greenhouse gases (water vapor, carbon dioxide, methane, ozone, nitrous oxide) 
- Clouds (height, internal structure) 
- Industrial pollution 
- Humidity (water vapor), temperature 
- Wind field (wind velocity), turbulence 
- Ozone layer 
 
5.2 Utilization of LIDAR for surface estimation 
 
The large representation of LIDAR is on the field of mapping and scanning land 
and objects for many applications. Virtually, any application that involves using terrain 
information can be enhanced with LIDAR data. 
 
The measuring or research of: 
 
- Land cover (a physical material at the surface of the Earth) 
- Topographical planning  
- Contour mapping 
- Vegetation, Biomass mapping 
- Forestry : monitoring vegetation growth and direct measurement of 
height, number of trees, crown diameter, canopy structure 
- Geology, Volumetric studies 
- Mining, Oil and Gas industry – volumetric calculations, monitoring land 
subsidence, detect changes in areas around pipelines 
- 3D Perspective Analysis 
- Land surface 
- Buildings 
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- Urban planning 
- Utility mapping 
- Landslide analysis (monitor and predict slope failure), Earthquake faults, 
Volcano monitoring  
- Route mapping – damage to road surfaces, traffic density, accident sites 
- Transmission line studies – to determine the locations of transmission towers, 
to accurately map the topography of the corridor, and to determine the 
encroachment by vegetation for maintenance purposes. 
- Cellular networks – for purpose of planning and managing cellular networks 
 
5.3 Utilization of LIDAR for hydrology and oceanography 
 
Nowadays, LIDAR has been accepted as one of the important sensors providing 
accurate and dense 3-D point cloud from water bathymetry (water bathymetry in depths 
50m). Using bathymetric LIDAR provide fast depth information from a large region. 
There is no need to contact directly with the water body and this ability resolves many 
of the military and industrial needs for precise and accurate geospatial information from 
water body in shallow area in a very rapid manner. 
 
 In ocean and hydrography serves to measuring, research of: 
 
- Hydrology, watershed management – constant monitoring of the water volume 
over a long time for modeling water dynamic behavior 
- Floodplain mapping – mapping and prediction 
- Shoreline analysis – along coastal areas and to support environmental analyses 
related to coastal erosion, sediment transport and vegetation areas 
- Glacier – snow and ice measurement 
- Dunes and tidal flats measurement 
 
 
5.4 Other areas of LIDAR utilization 
 
- Physics and Astronomy 
- Law enforcement – LIDAR speed guns to measure the speed of vehicles  
- Military     -     e.g. Airborne Laser Mine Detection System (ALMDS)  
- Long-Range Biological Standoff Detection System (LR-BSDS) 
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- Ecologist  
- sensing for characterizing wildlife habitat 
- oil slicks releases 
- Oceanography - LIDAR is used for estimation of phytoplankton fluorescence 
and generally biomass in the surface layers of the ocean 
 
5.5 Summary of the current applications of LIDAR 
 
Active remote sensing by LIDAR has very wide range of use in these days. LIDAR 
is used in any environment for sensing of aim of interest in the water, on the ground and 
in the air. The varieties of this system for remote sensing are almost unlimited. This 
chapter has summarized current applications of LIDAR. 
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6 LIDAR SYSTEM FOR DETECTION OF 
CO2 
 
This part will extend the theory and measurement of CO2 in the atmosphere. The 
section 6.1 is the major section of this part about measuring CO2.  This section deals 
with measuring by the Differential absorption LIDAR technique (DIAL) and contains 
the essential background, the choice of suitable wavelength for this remote sensing 
technique, the scheme of DIAL system and its accuracy and limitations. It is augmented 
by a survey of measurements which were made in the last decade. For the complexity of 
this chapter is supplemented with other possible measurement of CO2, i.e.by Raman 
LIDAR from active remote sensing technique, passive remote sensing technique and 
techniques using of infrared, electro-chemical and electro-acoustic methods. 
 
6.1 DIAL LIDAR 
 
Differential absorption LIDAR is an active remote sensing technique for measuring 
the atmospheric backscatter radiation from two transmitted laser pulses. These pulses 
are tuned at slightly different wavelengths. One of them is tuned at on-resonance 
wavelength (λon - has a sufficient absorption coefficient), where the species under 
investigation absorbs. The second laser source is tuned at a neighboring, off-resonance 
frequency (λoff – has a low absorption coefficient or no absorption), where the signal is 
not attenuated. Analysis of the measured radiation leads to the spatial distribution of the 
measured specie. The DIAL is suitable for measurement because of its relatively high 
spatial resolution, high measurement specificity and lack of dependence on external 
light sources. The main assumption for using DIAL system is knowledge of the 
absorption spectra of the investigate specie, a detection element and tunable laser 
source. The laser source and the detector must be spectrally compatible with the 
absorption spectra with negligible influence from other species in the atmosphere. 
 
If the particle concentration is low, the wavelength λoff will exhibit a pure 
1
𝑅2
 
dependence, whereas additional intensity losses occur for the wavelength λon when the 
specie is encountered. The difference between the two curves can be better visualized 
by dividing them for each range interval. In case of identical curves, a ratio value of 
unity is obtained for all ranges. The resulting DIAL LIDAR curve is based on the on/off 
resonance LIDAR curves (see Fig. 25). [36] 
 
DIAL curve – when the species of interest is in the way of radiation, there is a 
downward slope on ratio curve and with lower concentration of specie, the curve is 
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again more straightforward. The species concentration is a function of range which can 
be expressed by employing the Beer-Lambert law (relates the absorption of light to the 
properties of the material through which the light is traveling) and by the differential 
absorption cross section for the species of interest. Gas concentration as a function of 
the range along the initial radiation can be expressed only with knowledge of the 
differential absorption cross section. [36] 
 
 
 
Fig. 25: The principal sketch of DIAL measurement: (a) detection of the backscattered radiation 
at two wavelengths λon (on-resonance) and λoff (off-resonance), (b) ration of both signals, (c) 
concentration specie (Eq. (6.2)) [37] 
 
The DIAL curve is deduced by forming the basic LIDAR equation, first for the λon 
wavelength and then for the λoff wavelength. Then the two equations are divided each 
other, which can be written as: 
 
𝑃(λ𝑜𝑛,𝑅)
𝑃(λ𝑜𝑓𝑓,𝑅) = 𝑒𝑥𝑝 �−2(𝜎𝑜𝑛 − 𝜎𝑜𝑓𝑓)� 𝑁(𝑅)𝑑𝑟𝑅0 � , 
(6.1) 
where �𝜎𝑜𝑛 − 𝜎𝑜𝑓𝑓� is the differential absorption cross section, N is the average 
concentration of the pieces studied and R is the range at which the signals are 
considered. [33] 
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For range resolved measurements of CO2 concentration, the average concentration value 
Nav(R,R+∆R) for a certain range interval ∆R (see Fig. 26) can be made from the 
previous equation: 
 
𝑁𝑎𝑣(𝑅,𝑅 + ∆𝑅) = 12(∆𝑅)∆𝜎 ∙ 𝑙𝑛 𝑃�λ𝑜𝑓𝑓,𝑅 + ∆𝑅�𝑃(λ𝑜𝑛,𝑅)𝑃(λ𝑜𝑛,𝑅 + ∆𝑅) 𝑃�λ𝑜𝑓𝑓,𝑅� , 
(6.2) 
where ∆𝜎 = 𝜎(λ𝑜𝑛,𝑅) − 𝜎(λ𝑜𝑓𝑓,𝑅), σ is the absorption cross section. The cross 
section used in previous equation is the effective cross section of the absorption line, 
which means the convolution of the laser line shape with the absorption line. [38] 
 
 
𝜎𝑒𝑓𝑓 = ∫𝐺(λ,𝑅)𝜎(λ,𝑅)𝑑λ∫𝐺(λ,𝑅)𝑑λ  , 
(6.3) 
where 𝐺(λ,𝑅)is the laser line profile, R is the distance of measurement, l is the 
wavelength [cm-1] and 𝜎(λ,𝑅)means the cross-sectional profile for absorption line. For 
most laser sources, such a dye and solid-state lasers (they are used in LIDAR), a 
Lorentzian (at high pressures) line shape, a Gaussian line shape (at low pressures) or a 
Voigt shape (at intermediate pressures) can be assumed (see Fig. 27). [39], [40] 
 
 
 
 
Fig. 26: On- and off-resonance slopes with range cell R2-R1 
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Fig. 27: Line profiles: Lorentz shape, Gaussian shape and Voigt shape. The spectral line shape 
depends on the spectral frequency ω and the atmospheric temperature T and pressure Patm. [14] 
 
The Voigt function is considered for the line shape. The absorption cross section 
can be expressed by Voigt function: 
 
𝜎(λ) = 𝑆 𝑙𝑛2 𝛾𝐿
𝜋(32)𝛾𝐺2 �
𝑒−𝑡
2(√𝑙𝑛2 (𝛾𝐿 𝛾𝐺⁄ )2 + √𝑙𝑛2(λ − 𝛿(λ)/𝛾𝐺 −  𝑡)2 𝑑𝑡+∞−∞  
(6.4) 
where S is the line intensity, 𝛾𝐿is the HWHM (half width at half maximum – the 
Lorentzian half width), 𝛾𝐷is the Doppler half width and 𝛿(λ) is the pressure-induced 
shift, λ is the wavelength, which correspond to the line center and t is the variable of 
integration. In case of DIAL probing CO2 profile, CO2 is only optically active. Then the 
pressure shift for a binary (Air and CO2) collision system is expressed as 
 
𝛿(𝑣) = 𝛿𝐶𝑂2𝑃𝐶𝑂2 + 𝛿𝐴𝐼𝑅𝑃𝐴𝐼𝑅 
(6.5) 
where 𝛿𝐶𝑂2 is the self shift coefficient, 𝛿𝐴𝐼𝑅 is the air shift coefficient, 𝑃𝐶𝑂2  is the partial 
pressure of CO2 and 𝑃𝐴𝐼𝑅 is the partial pressure of air. In case that the partial pressure of 
CO2 is much lower than the partial pressure of air, the CO2 pressure line shift of 
absorption line is determined as the partial pressure of air. [39] 
 
In Eq. (6.4), the parameter S is a function of temperature and 𝛾𝐿is a function of pressure. 
Their dependence is expressed by the following equations, 
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𝑆(𝑇) = 𝑆 �𝑇0
𝑇
� 𝑒𝑥𝑝 �
𝐸"ℎ𝑐
𝑘𝐵
( 1
𝑇0
−
1
𝑇
)� , 
(6.6) 
𝛾𝐿 = 𝛾0 𝑃𝑎𝑡𝑚𝑃0,𝑎𝑡𝑚 (𝑇0𝑇 )𝑖𝑛𝑑 , 
(6.7) 
𝛾𝐷 = 𝑣0𝑐 �2𝑙𝑛2𝑘𝐵𝑇𝑚  . 
(6.8) 
In these terms, S is the line strength, T0 is the temperature of 296,15 K, T is the 
temperature of atmosphere, E” is the lower energy state of the transition, h is Planck’s 
constant, kB is the Boltzmann constant, c is the speed of light, 𝛾0is the reference LIDAR 
HW (half-width), P0, atm is the pressure of 1atm and Patm is the atmospheric pressure at 
altitude R. [41] 
6.1.1 Selection of operative wavelength 
 
IR spectral region is suitable perspective for differential absorption LIDAR 
measurements especially in the lower troposphere. Carbon dioxide displays absorption 
lines that are appropriate for application of the DIAL in the near-IR region. In DIAL 
measurements, the absorption lines for CO2 must be carefully chosen to prevent 
interference from other molecules (see Fig. 28). It leads to minimize the dependence of 
the absorption cross section on temperature and to optimize the measurement of CO2 
with respect to the optical depth. The DIAL usually provides two wavelengths λon which 
is located on absorption line of CO2, and λoff, which is nearby λon in a window free of 
atmospheric gaseous absorption. The λon  can be set up on the center or on the side of 
CO2 absorption line.  
 
 
Fig. 28: Example of the selection CO2 absorption line at 4875,748 cm-1 [39] 
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There are many CO2 absorption bands are between 0,7 – 10 μm and many 
absorption lines are included in each of them. For selection, it is necessary consider 
many factors (which could be found in the HITRAN database): 
 
- Low interference with lines from other atmospheric constituents (water vapor) 
- Temperature insensitivity of the absorption future (The sensitivity of the 
absorption cross section is governed by the range of values of lower-energy 
level E” that makes the lower-energy state susceptible to atmospheric 
temperature profile uncertainties.) 
- Magnitude of the absorption cross section and its precision  
- Absorption line strength (approximately 50% transmission over the maximum 
range associated with the DIAL instrument) 
- Absorption line strength shape 
- Available laser wavelength   
 
Survey spectra between 5900 and 6400cm-1 of CO2 and CO (see Fig. 29), from 
HITRAN (HIgh-resolution TRANsmission molecular absorption) database [42]: 
 
- B1 –  30014 ← 00001 
- B2 –  30013 ← 00001, 6228 cm-1, 1,6 μm 
- B3 –  20013 ← 00001, 2,05 – 2,07 μm  
- B2 (isotope C1302) –  30012 ← 00001, 6348 cm-1 (1,572 μm) 
 
 
 
Fig. 29: Spectra of CO2 (B1, B2, B3), CO obtained from HITRAN 96 database [42] 
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To select lines that satisfy the conditions above, can set an adimensional parameter 
∆j where j is the index of a selected line. This parameter is defined as the ration between 
the selected line’s absorption cross section and the total absorption cross section at λon: 
 
Δj = σj(λon)∑ σii (λon) + ∑ NkK ∑ σjKiK (λon) , 
(6.9) 
where NK is the relative concentration of the Kth species with respect to the 
concentration of the species under investigation, ∑ σii (λon) and ∑ σjKiK (λon) represent 
the total absorption cross section at λon. The ∆ coefficient is a great indicator of the level 
of interference by other absorption lines and ranges from 0 to 1. Values of ∆ that 
approach 1 indicate a negligible interference condition. If the values approach 0 are 
associated with lines affected by a high degree of interference. [38] 
 
The differential cross section of the interfering lines at λon and λoff must be 
negligible with respect to the differential cross section that is due to the selected line. To 
select the pair of wavelengths that satisfy that condition, a coefficient Θ id defined. This 
coefficient represents the error that affects the estimate of N(R) because of the 
interfering lines’ differential cross section. The coefficient Θ is given by 
 
Θ = 𝛿𝑁
𝑁
= 𝛿(Δ𝜎)
Δ𝜎
= � ∑𝑂𝑁 − ∑𝑂𝐹𝐹
𝜎(𝜆𝑂𝑁) − 𝜎(𝜆𝑂𝐹𝐹)� , 
(6.10) 
with 
∑𝑂𝑁 = � 𝜎𝑖
𝑖+𝑗
(𝜆𝑂𝑁) + �𝑁𝐾
𝐾
�𝜎𝑖𝐾
𝑖𝐾
(𝜆𝑂𝑁)� , 
(6.11) 
∑𝑂𝐹𝐹 = � 𝜎𝑖
𝑖+𝑗
(𝜆𝑂𝐹𝐹) + �𝑁𝐾
𝐾
�𝜎𝑖𝐾
𝑖𝐾
(𝜆𝑂𝐹𝐹)� . 
(6.12) 
 
The Θ coefficient is a great indicator of the variability of the differential cross section 
caused by the interference of other lines. It can assume values greater than or equal to 0, 
depending on the interference. The greater the value, the greater the interference. Values 
approaching 0 indicate a low interference condition. [38] 
 
From sensitivity analysis for LIDAR measurements, it was defined CO2 transitions 
in the 1,57 and 2,05 μm bands the most suitable for making global measurement of CO2.
  53 
 
 
 
 
 
 
 
Tab. 6: Line selected for DIAL Measurements of CO2 in clear air [38] 
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6.1.2 Optical devices and design of system  
 
DIAL sensing method generally requires narrow band laser emission with high 
pulse energy and with high spectral purity. The high pulse energy is required 
particularly during the daytime since LIDAR signal must be substantially larger than the 
solar background. Tuning and stability of the laser transmitter are critical for making 
precise and accurate CO2 (generally specie of interest) measurement. Ideally, the 
precision of the CO2 measurement is obviously considered to be better than 1 ppm 
(about 0,3 %). Normally, the measurement with 1% error is still useful. The best 
absorption lines for measuring of CO2 are close to 1,57 μm and 2,05 μm and there are 
many different ways how the system with suitable transmitter can be chosen. 
 
For suitable wavelength, the laser transmitter could be based on fiber laser 
(EDFA); OPO (Optical parametric oscillator); Tm:Ho:YLF, Cr:YAG, Nd:YAG. 
 
The scheme of the DIAL instrument for sensing CO2 number densities is shown in 
Fig. 30. 
  
 
Fig. 30: DIAL LIDAR system scheme with a Schmidt-Cassegrain telescope [43] 
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The requirements on the detector require a narrow spectral bandwidth, high 
quantum efficiency and low noisy. The requirements on the receiver require a large 
telescope, narrow field of view to suppress background light and combination of near 
and far channels to compress large dynamic range. 
 
 
Fig. 31: Detailed scheme of DIAL receiver with a Newton telescope [44] 
 
The DIAL LIDAR receiver on the Fig. 31 collects a backscatter radiation with a 
Newton telescope. The collected backscattered light is a separated in near-field and far-
field channel in order to reduce the large dynamic of the DIAL LIDAR signal and after 
it is detected by APD (avalanche photodiodes). There are used interference filters in 
order to block the daylight background. [44] 
 
6.1.3 Several realized LIDAR measurements of CO2 in last decade 
 
There are many groups engaged in measuring CO2 using DIAL techniques. Each 
group has their unique system based on chosen CO2 absorption line, on the platforms, 
where the system is used, on the transmitter and on the receiver. 
 
DIAL measurement using several different CO2 lines in the 1570 nm CO2 
absorption band [45]: 
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Ground-based LIDAR: 
- 2003 - Krainak, M.A, Andrews, A. E., Allan, G. R., Burris, J. F., Riris, H.and 
co-authors. “Measurements of atmospheric CO2 over a horizontal path using a 
tunable-diode-laser and erbium-fiber-amplifier at 1572 nm”. – They reported 
integrated path CO2 absorption measurement over a 200 m horizontal path to a 
reflective target. LIDAR used a tunable continuous-wave (CW) laser, composed 
of a wavelength scanned diode laser followed by erbium-doped fibre amplifier 
(EDFA) to repeatedly sweep across the 1572,33 nm absorption line. To the 
direct detection, the receiver with a PIN photodiode detector was used. 
- 2008 – They described the evolution of this DIAL, its use for longer 
duration CO2 measurements over 0,4 and 1,6 km long horizontal paths. 
 
- 2008 – Amediek, A. Fix, A., Wirth, M. and Ehret, G. "Development of an OPO 
system at 1.57 μm for integrated path DIAL measurement of atmospheric 
carbon dioxide". – This project reported CO2 measurement by DIAL using the 
1572,9 nm absorption line, using a pulsed (OPO) Optical Parametric Oscillator-
based laser transmitter, pumped by a Nd:YAG laser. The direct detection 
receiver used a PIN photodiode detector. Integrated path CO2 absorption 
measurements were made over a 2-km-long horizontal path to the sides of a 
tree stand and compared to an in situ-sensor. 
 
- 2009 - Sakaizawa, D., Nagasawa, C., Nagai, T., Abo, M., Shibata, Y. and 
coauthors. "Development of a 1.6 μm differential absorption LIDAR with a 
quasi-phase-matching optical parametric oscillator and photon-counting 
detector for the vertical CO2 profile". – The projects deals with a ground-based 
backscatter profiling DIAL using Nd:YAG laser pumped OPO transmitter, a 
CO2 absorption line 1572 nm and a receiver using a photomultiplier tube 
(PMT) detector. It described measuring height resolved CO2 absorption profiles 
to 5km, and relative errors of 1% at <7 km height. 
 
 
- 2009 - Kameyama, S., Imaki, M., Hirano, Y., Ueno, S., Kawakami, S. and 
coauthors. "Development of 1.6 um continuous-wave modulation hard-target 
differential absorption LIDAR system for CO2 sensing". – This work describes 
a development a dual wavelength sine-wave modulated continuous wave 
LIDAR for integrated path CO2 measurement. This system used 1572,9 mm 
absorption line and the receiver with a PIN photodiode detector. It reported 
CO2 absorption measurements over 1 km long horizontal path with 4 ppm 
fluctuations. 
 
Airborne LIDAR: 
- 2009 - Amediek, A., Fix, A. Ehret, G. Caron, J. and Durand, Y. "Airborne lidar 
reflectance measurements at 1.57 um in support of the A-SCOPE mission for 
atmospheric CO2". – They made a described airborne measurement of surface 
(ground and water) reflectance at 1573 nm in a set of flights. The LIDAR used 
a broadband OPO transmitter and a PIN photodiode detector. The LIDAR made 
backscattered pulse energy measurements form 1,7 to 3 km altitude. 
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- 2009 - Browell, E. V., Dobler, J., Kooi, S., Choi, Y., Harrison, F. and co-
authors."Airborne validation of active CO2 LAS measurements". – They 
described the measurement with an airborne LIDAR measuring integrated path 
CO2 absorption from the aircraft to the ground. The LIDAR uses a CO2 
absorption line near 1571 nm, two continuous-wave fibre lasers whose powers 
are sine-wave modulated at different frequencies, the receiver using lock-in 
detection for each frequency. In this measurement, they reported good 
agreement with CO2 values measured with in-situ sensor on a number of flight 
to 7,6 km altitude. 
 
 
DIAL measurement using several different CO2 absorption lines in the 2051-2062 
nm region: 
 
- 2004 - Phillips, M. W., Ranson, J., Spiers, G. D. and Menzies, R. T. 
"Development of a coherent laser transceiver for the NASA CO2 laser 
absorption spectrometer instrument". – They describes a compact dual 
wavelength CW laser absorption spectrometer designed for airborne integrated 
path measurement using a CO2 absorption line at 2051 nm and a coherent 
receiver. 
 
- 2004 - Koch, G., Barnes, B. W., Petros, M., Beyon, J. Y., Amzajerdian, F. and 
co-authors. "Coherent differential absorption lidar measurements of CO2". – 
They made ground-based range-resolved CO2 backscatter profiling LIDAR 
using a CO2 absorption line near 2050nm, a pulsed Ho:Tm:YLF laser and a 
coherent receiver. They presented CO2 absorption measurements to within a 
few percent to a range of 3 km. 
  
- 2008 - Koch, G. J., Beyon, J. Y., Gibert, F., Barnes, B. W., Ismail, S.and co-
authors. "Side-line tunable laser transmitter for differential absorption lidar 
measurements of CO2: design and application to atmospheric measurements".  
 
- 2006 - Gibert, F., Flamant, P. H., Bruneau, D. and Loth, C. "Twomicrometer 
heterodyne differential absorption lidar measurements of the atmospheric CO2 
mixing ratio in the boundary layer". – They have demonstrated a ground-based 
range-resolved CO2 backscatter profiling LIDAR, operating at a absorption line 
near 2062 nm, using a pulsed Ho:Tm:YLF laser and a coherent receiver. It 
demonstrated CO2 absorption measurement over horizontal path length of 2 km. 
 
- 2008 - Gibert, F., Flamant, P. H. and Cuesta, J. "Vertical 2-um heterodyne 
differential absorption lidar measurements of mean CO2 mixing ratio in the 
troposphere". – They analyzed numerous, horizontal, slant path and profiling 
measurements. 
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6.1.4 Limitations and errors 
 
Accuracy of measurement affected by many factors [10]: 
- Improper correction of signal offsets as a background light 
- How well is absorption cross section known 
- Geometrical factor different for λon and λoff  
- Interfering species not taken into account 
- Differential backscatter and extinction not properly corrected 
- Temperature sensitivity of the CO2 cross-section 
Instrumental error source: 
- Alignment errors – in order to obtain a correct measurement, the axis of the 
laser beams and the receiving telescope must be aligned 
- Saturation of the acquisition systems - at low altitude ranges, the photon 
counting systems cannot handle the high intensities received by the 
photomultiplier tubes. 
- Signal induced noise in the PMT - this effect is due to the high intensities 
originating from the scattering of the laser light in the first few kilometers. It 
results in a slowly decreasing signal which is superposed on the background 
light. 
 
The precision of a Differential absorption LIDAR is defined by the statistical error. 
The detection process has a random character which follows basically the Poisson 
statistics. The accuracy of the measurement depends on the approximations made n 
deriving CO2 number density from the receiver signals. According to the Poisson 
statistic, the statistical error of CO2 is given by 
 
𝜀𝑠(𝑅) = 12𝑁𝐶𝑂2(𝑅)Δ𝜎𝐶𝑂2,Δ𝑅 ��� 𝑐𝑗2𝑃𝑖,𝑗𝑁𝑖(𝑃𝑖,𝑗 − 𝑃𝑏𝑖)2𝑖,𝑗 � , 
(6.13) 
where NCO2 is the CO2 number density, ΔR is the initial range resolution of the 
acquisition system, 𝑃𝑖,𝑗 corresponds to the LIDAR signal at wavelength i from altitude 
Rj, cj means a coefficient of the low pass derivate filter used to differentiate the signals, 
Ni is the number of laser shots at wavelength λi an Pbi is the background radiation. The 
final statistical error of the measurement 𝜀𝑠 depends on the experimental system 
characteristics, the duration of the signal acquisition and the resolution. [46] 
 
𝜀𝑠(𝑅) ∝ (𝐴ΔR𝑃0𝑇𝑎)−1 2�  , 
(6.14) 
where A is the telescope receiving area,  ΔR means the final resolution, P0 is the emitted 
power and Ta is the acquisition time. [46] 
Chapter 6: LIDAR system for detection of CO2 
 59 
The error analyses are important to evaluation of the developed devices. In the 
article [47], there is a statistical error calculated by the simulation for a concrete 
parameters of DIAL system using 1,6 μm absorption band (see Tab. 7 and Fig. 32). In 
the simulation, less than 1 % of statistical error is expected up to 10 km. But, there are 
other causes that make additional errors. The biggest error is caused by the temperature 
dependence of the absorption cross section of CO2. The Fig. 33 shows the error 
including the temperature dependence of the absorption cross section of CO2. The error 
including the temperature dependence is different from the CO2 density when the 
standard temperature profile is assumed. When the temperature is within ±5 %, the error 
fit into less than 1 %. If the temperature is more than ±5 % and less than ±10 %, the 
error is less than 1 % in most of altitude range. The error can be reduced using the other 
temperature profile such as more realistic model. [47] 
 
 
Tab. 7: LIDAR parameters used for the error estimation [47] 
 
Fig. 32: Statistical error of the CO2 DIAL, λon=1,572 μm [47] 
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Fig. 33: Estimated error including statistical error and errors caused by the temperature 
dependence of the absorption cross section of CO2 [47] 
 
6.2 Raman LIDAR 
 
Raman LIDAR is also used for measurement of concentration CO2 and others 
atmospheric molecules (N2, H2O, SO2, etc.). Each type of molecule has unique 
vibrational and rotational energy levels. Therefore Raman scattering from each type of 
molecule has a unique spectral signature that allows the identification of molecules by 
their scattered light spectra. An incident electromagnetic wave produces shifted 
radiation both at larger (stokes line) or at smaller (anti-stokes line) wavelength. The 
molecular concentration of the excited molecule is proportional to the Raman shift. By 
measuring the Raman scattered signal from atmospheric CO2 using LIDAR, one can 
derive the vertical profile of CO2. 
 
Variation quantities can be measured by using filters shifted wavelengths. These include 
vapor (3654 cm-1), liquid water (3425 cm-1), nitrogen (2329 cm-1), oxygen (1555 cm-1), 
sulphur dioxide (1152 cm-1) and carbon dioxide (1285 cm-1).  
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6.3 Other ways of measuring CO2  
 
For detection of carbon dioxide, there are other techniques. The passive remote 
sensing technique is highly related to the active remote sensing technique with the 
difference that it lacks the active part (transmitter). In the research laboratory and in the 
industry, there are used other types of measurement: infrared, electrochemical and 
electro-acoustic. 
6.3.1 Passive remote sensing 
 
In case of passive remote sensing, the passive receiver detects natural radiation, 
such as sunlight or nightglow emission, which is reflected or emitted by the object being 
observed (see Fig. 34). Reflected sunlight is good source of radiation measured by 
passive receiver. The passive remote sensing of CO2 or other gases is realized by 
detecting the spectral absorption in reflected sunlight. This sensing has unavoidable 
limitations imposed by its measurement approach – best accuracy only during daytime 
at moderate to high sun angles, interference by aerosol and cloud scattering and limited 
signal from CO2 variability in the lower tropospheric CO2 column. [48] 
 
 
Fig. 34: Setup for passive remote sensing using absorption spectroscopy [48] 
 
There are several optical remote sensing programs to measure global concentration 
of CO2. For example, it can be named: 
 
- AIRS – Atmospheric Infrared Sounder has measured the carbon dioxide 
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concentration at the mid-troposphere, i.e. 8 km, since 2003. 
- OCO – NASA Orbiting Carbon Observatory was launched in 2008 and became 
the first dedicated spaceborne device to measure the sources and sinks of CO2 
globally. 
- SCIAMACHY on EnviSat(2002), TES on Aura(2004), GOSAT (2009) 
These systems use optical spectroscopy of atmospheric CO2 lines to measure 
concentration of CO2 in the atmosphere: 
 
6.3.2 Infrared methods  
 
The use of NDIR (Nondispersive infrared sensor) is the most common 
spectroscopy method for gas detection. This technique is based on the capacity of CO2 
to absorb infrared radiation of 4,3μm wavelength. The infrared detector detects the rate 
of light absorption according to CO2 concentration in the sampling gas (see Fig. 35).  
Nondispersive infrared CO2 sensor (NDIR) 
 
The gas detector is composed of an infrared lamp, a small cylindrical cell with flat 
windows on sides, a wavelength filter and the infrared detector. The measured sample 
of air is slowly pumped through the cylindrical cell and the infrared light is transmitted 
through the sample toward the detector. Typically, in parallel there is another cell with 
an enclosed reference gas (i.e. nitrogen). 
 
Fig. 35: NDIR (Nondispersive infrared CO2 detector) [49] 
Photoacoustic gas measurement is based on the same principles as a NDIR 
technique, on the capacity of carbon dioxide to absorb infrared light. The difference is 
that the photoacoustic spectrography uses an acoustic technique. When the infrared 
Photo-acoustic sensor 
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energy is applied to a gas, the gas will expand and lead to an increase of pressure. The 
infrared energy is delivered in pulses and the gas expansion is also in pulses, resulting 
in pressure fluctuation. If the frequency of pulses lies within the audible spectrum, the 
acoustic signal is produced and is detected by a microphone. The advantages of this 
sensor are high accuracy (higher then NDIR), better reliability and long-term stability 
without recalibration need. 
6.3.3 Electrochemical methods 
 
Electrochemical sensors (see Fig. 36) require significant amount of power, because 
operate at high temperatures. The electrochemical sensor contains an electrochemical 
cell with solid-electrolyte that is heated to working temperature (up to 450°C). Upon 
exposure to an environment containing carbon dioxide, the chemical reaction occurs on 
the electrodes of the cell, the oxygen is consumed and it generates an electromotive 
force (EMF), depending on the CO2 concentration in the ambient. The EMF follows a 
Nernstian equation and the CO2 can be expressed in the form: 
The electrochemical sensor 
 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑝𝑝𝑚) = 10�𝐸𝑒𝑚𝑓−𝐸𝑆 � , 
(5.13) 
where Eemf means an EMF constant and S is a slope constant. Both constants of the 
sensor have been set at the factory. E is the electromotive force in CO2 that is given by 
Nernstian equation. [51] 
 
 
Fig. 36: Electrochemical CO2 sensor [50] 
 
The conductivity analyzer is used to determine of CO2 concentration in binary 
mixtures. The gas analysis is derived from indirect measurement, where the thermal 
conductivity is compared with the thermal conductivity of the standard gas. The 
The thermal conductivity analyzer 
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measurement is provided by detector, called thermal conductivity detector (TCD) (see 
Fig. 37). The thin wire is set in the axis of cylindrical chamber that is heated by passing 
of electric current to a temperature of 100°C to 150°C. In the analyzer, there are four 
cylindrical chambers and one central channel. Both measuring chambers are connected 
with the central channel. Two reference chambers are filled with comparative gas and 
closed. In the axes of all four chambers, the platinum wires are tensed and they are 
connected to the Wheatstone bridge circuit. If the measuring gas contains CO2, the wire 
temperature increases compared to the original temperature. The accuracy of 
measurement is characterized by the relative error of 1%.The time constant of the 
sensor varies in a wide range of seconds to one minute. 
 
Fig. 37: Scheme of thermal conductivity detector [51] 
6.3.4 Electro-acoustic sensing 
 
The electro-acoustic sensor is based on the evaluation of ultrasound frequency 
changes in the mechanical resonator (see Fig. 38). After evaluation of the ultrasound 
frequency change, the actual concentration of CO2 in the air is determined from the 
dependence of frequency change on the concentration of CO2. The main advantage of 
this type of sensor is the long-term stability without recalibration. 
 
Fig. 38: Principe of electro-acoustic sensing of CO2 [50] 
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6.4 Summary of detection of CO2 
 
In this chapter, the measurement techniques and devices for estimation of CO2 
concentration has been examined. The differential absorption (DIAL) method is one of 
the most sensitive techniques for measuring atmospheric CO2. The concept of DIAL 
measurement that use two measuring wavelengths has been explained (λon is tuned at 
on-resonance wavelength and λoff  is tuned at off-resonance frequency of specie of 
interest). The choice of the suitable wavelengths of lasers has been outlined. The most 
suitable wavelengths for measuring of CO2 by DIAL are in the 1,57 and 2,05 μm bands. 
The absorption lines in these bands are used by many researched groups what 
representing the overview of the research projects which have been made in recent 
years. The accuracy and errors of the DIAL measurement have been presented. The 
statistical error of the return signal and background noise can be improved by the 
system constant K (laser output, receiver area, optical efficiency of the receiver), but the 
biggest error of DIAL is caused by the temperature dependence of the absorption cross 
section of CO2. There are other active remote sensing techniques for measuring CO2 as 
a Raman LIDAR that has been mentioned and passive that are usually used from 
spaceborne platform. In this chapter, the laboratory techniques of measurement of CO2 
concentration are also described. The most popular technique is measuring by NDIR 
(Nondispersive infrared sensor) that is used in Manu Loa Observatory (Hawaii) where 
the concentration of carbon dioxide has been measured since 1974.  
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7 CONCLUSION 
 
The thesis gives an overview and analyzes of LIDAR (Light Detection and 
Ranging) system generally. LIDAR has become a very effective device in many 
applications across the climate, industry, science, military and so on. There were many 
research projects realized in order to study topography of the Earth, hydrology and 
atmosphere. The atmospheric studies are focused on atmospheric composition and 
changes in the atmosphere. It leads to better climate prediction studies and to 
understanding of the climate change and also the global carbon cycle among the land, 
ocean, atmosphere and biosphere.  
 
This thesis gradually explains the issues concerning LIDAR remote sensing of the 
Atmosphere. At the beginning, it discusses the atmosphere, its consumption and its 
influence on the propagating light radiation. The atmosphere affects negatively any light 
radiation. When the light radiation passes through the atmosphere, it is attenuated what 
means that the scattering and absorption occur. There are many interactions 
(Absorption, Boltzmann distribution, Fluorescence, Mie scattering, Raman scattering, 
Reflection, Resonance scattering, etc.) between the light radiation and the atmosphere, 
the physical process that occurs is fundamental for LIDAR remote sensing. In the 
following part, the phenomenon of scattering and backscattering that is the most for 
LIDAR was discussed. The next goal of thesis has been to study the background of 
LIDAR sensing and describe LIDAR techniques. The suitable laser sources have been 
named as the solid state laser, gas laser or dye laser that are typical for LIDAR. The 
principle of work of typical detectors (PMT, APD) has been explained as other essential 
things, i.e.: LIDAR equations, LIDAR ratio, configuration setup, LIDAR techniques 
and applications and measure platform that are used. In the next chapter, the varieties of 
utilization for LIDAR were discussed. 
 
At the end, the thesis is focused on measurement of CO2 concentration in the 
atmosphere. DIAL (Differential Absorption LIDAR) is known as one of the most 
sensitive techniques for measuring atmospheric CO2. The concept of DIAL 
measurement that uses two measuring wavelengths has been explained (λon is tuned at 
on-resonance wavelength and λoff is tuned at off-resonance frequency of specie of 
interest). The choice of the suitable wavelengths of lasers has been outlined. The most 
suitable wavelengths for measuring of CO2 by DIAL are in the 1,57 and 2,05 μm bands. 
The accuracy and errors of the DIAL have been presented. There are other active 
remote sensing technique as a Raman LIDAR that has been mentioned and passive that 
are usually used from spaceborne platform. In this chapter, the laboratory techniques of 
measurement of CO2 concentration were also described. The most popular technique is 
measuring by NDIR (Nondispersive infrared sensor) that is used in Manu Loa 
Observatory (Hawaii) where the carbon dioxide has been measured since 1974. 
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ABBREVIATIONS AND SYMBOLS 
A(λ) Absorbance 
ab Mie coefficient 
an Mie coefficient 
AOM Acousto-optic modulator 
APD Avalanche photodiode 
β(R) Backscatter coefficient  
βaer Particulate scattering 
βmol Molecular Scattering 
c Speed of light 
δ(λ) Pressure-induced shift 
δAIR Air shift coefficient 
δCO2 CO2 shift coefficient 
DIAL Differential absorption LIDAR 
∆j  Adimensional parameter 
Dp Particle diameter 
E" Lower energy state of the transition 
E0 Pulse energy 
EMF Electromotive force 
εs Statistical error 
FK(λ) Correction number for anisotropy 
fREP Pulse repetition frequency 
g Average cosine of the scattering function 
G(λ,R) Laser line prifole 
G(R) Geometric factor 
γ0 Reference LIDAR half-width 
γD Doppler half width 
γL Lorentzian half width 
GPS Global position system  
h Plank's constant  
HITRAN High resolution transmission molecular absorption 
HSRL High speed resolution LIDAR 
HWHM Half width at half maximum 
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I Intensity of the light coming from the sample 
I0 Intensity from from the incident light 
IMU Inertial measurement unit 
INS Inertial navigation system 
IR Infrared 
K Coefficient of performance of system 
kB Boltzmann constant 
kmed Mie coefficient 
LIDAR Light detection and ranging 
LIST LIDAR surface topography 
λoff Wavelength off-resonance 
λon Wavelength on-resonance 
M Molecular weight  
N Concentration of particles 
n Refractive index 
ν Frequency 
NA Avogadro's number 
Nair Number density of air  
Nav Avarage concentrance value 
NDIR Nondispersive infrared sensor 
Ni Number of laser shots 
O(R)  Receiver-field-of-view overlap function 
OPO Optical parametric oscillator 
P(R) Power 
P0 Avarage power of single laser pulse 
P0,atm Pressure of 1atm 
PAIR Partial pressures of air 
Patm Atmosferic pressure 
Pbi Background radiation 
PCO2 Partial pressures of CO2 
PMT Photomultiplier tube 
ppm Parts per milion 
θ Scatter angle 
R Distance 
S Line intensity 
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S(R,λ) Lidar radito  
S(T) Function of temperature 
S0 Line strength 
T Temperature of atmosphere 
T(R) Transmission term 
T(λ) Transmittance 
T0 Temperature coefficient 296,15K 
Ta Acquisition time 
TCD Thermal conductivity detector 
ω Spectral frequency 
z Height 
α Dimensionless size parameter 
α(R,λ) Exctinction coefficient 
ΔR Range interval 
Δαmol, abs Differential molecular absorption coefficient 
Δ𝐽 Rotational excitation state 
Δ𝑣 Vibrational state 
ε Mie scattering coefficient 
εR(λ) Exctinction coefficient due to Rayleigh scattering 
η System efficiency 
λ Wavelength 
σ(λ) Absorption cross section, Voight function 
σeff Effective absorption cross section of the abs.line 
σext(λ) Exctinction cross section 
σM Mie scattering cross section 
σoff Absorption cross section, off-resonance 
σon Absorption cross section, on-resonance 
σR(λ) Rayleigh scattering cross section 
τ Temporal pulse length 
𝜙(𝑐𝑜𝑠𝜗) Phase function of Rayleigh scattering 
 
 
